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FOREWORD 

The r e s e a r c h  reported herein constitutes a n  experimental  follow-up 

to theoretical  work performed in an ea r l i e r  phase of the s a m e  r e s e a r c h  

p r o g r a m  sponsored by the NASA under Contract  No.  NASW-1668. The 

init ial  theoret ical  investigation was conducted by D r .  W i l l i a m  J. Rae and 

has  been reported in CAL Report  N o .  A I - 2  590-A - 1. 

this  p rogram was  provided by M r .  Frank E. Compitello of NASA Headquarters .  

Technical direction of 

Experiments  descr ibed in  this repor t  w e r e  performed in  a low- 

density flow facility which was  designed, built and instrumented a t  the 

Cornel1 Aeronautical Laboratory in a separate  internally funded pro jec t .  

The  contributions made by Drs .  W .  J. Rae and P. V. Marrone  through 

informal discussions a r e  gratefully acknowledged. 
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ABSTRACT 

Perfo  man e predi  tions for  attitude control je t s  of satellites and 

manned spacecraf t  suffer f r o m  the lack of well-substantiated theoret ical  and 

experimental  data in the fully viscous nozzle-flow reg ime.  This  paper  p re  - 
sents  a n  experimental  investigation of the internal  and external  flow for  

nozzle Reynolds numbers  in the general  range between l o 2  and 10 with 

nitrogen a s  the test gas .  

gas  density and rotational tempera tures  a t  selected points throughout the flow 

Discharge coefficients a r e  a l so  measured .  In addition, some  effects of 

ambient  p r e s s u r e  on the external  flow s t ruc tu re  a r e  studied by flow visuali-  

zation experiments .  A t  the lower Reynolds numbers  studied, experimentally 

de te rmined  t empera tu res  indicate the existence of a supersonic  "bubble" 

inside the nozzle expansion-cone, with a subsequent shock-free viscous 

t ransi t ion to subsonic flow. These  resul ts  substantiate the theoret ical  

prediction of this  phenomenon, f irst  made by Rae in a n  earlier phase of 

this p rogram.  

3 

Electron-beam techniques a r e  used for  measur ing  
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I. INTR OD UC TION 

Low-thrust  rocket engines a re  required for  providing the smal l  c o r -  

rections necessary  to maintain proper attitude and to make minor  changes 

i n  the t ra jec tory  of orbiting satell i tes and deep-space planetary probes.  

Thrus t  levels  a r e  usually a fraction of a pound-force and may in some  

instances be a s  low a s  10 lbf ( 1 / 2  dyne). Small  nozzle scale  and low 

re se rvo i r  p re s su res  combine to give throat  Reynolds numbers  in the range 

between 10 and 10 . 
l ayer  i s  quite thick and tends to f i l l  the ent i re  c ross -sec t ion  of the nozzle. 

Under these conditions an  inviscid analysis followed by a boundary layer  

cor rec t ion  i s  no longer adequate, especially when transition-flow cha rac t e r -  

i s t ics ,  such a s  sl ip a t  the wall, have to be taken into account. Difficulties 

in predicting the thrus t  and mass-flow levels that will occur in the vacuum 

of the space environment make the flight rating of these th rus t e r s  a very  

lengthy and expensive process .  

formance causes  a penalty in g rea t e r  sys t em complexity. 

-6  

4 At the lower end of this range the viscous boundary 

Frequently the uncertainty in nozzle per -  

An understanding of low-Reynolds-number flows through supersonic 

nozzles i s  a l so  required in the design of low-density wind tunnels. 

may be relatively la rge  in this ca se ,  but gas densit ies a r e  often correspond-  

ingly low to provide the free-molecule o r  transition-flow conditions required 

for  the testing of space vehicles (e. g. the proposed space shuttle) which 

spend pa r t  of their  mission in the outer fringes of the atmosphere.  

Nozzles 

Few experimental  data exist  with respec t  to nozzle performance at 
4 Reynolds numbers  less than 10 . 

l imited to g ross  charac te r i s t ics  such a s  thrust  and discharge coefficients 

and contributes relatively little t o  a n  understanding of the flow s t ruc ture  

itself. Discharge coefficients, for  example, have been determined by 

Milligan' a t  throat  Reynolds numbers between 10-1 and 10 
2 6 Mass i e r  e t  al. a t  Reynolds numbers  between l o 3  and 10 

geometr ies .  

throughout the flow in a nozzle, operating a t  a Reynolds number of approxi- 

Available information is to a ma jo r  pa r t  

3 and recently by 

for  a few isolated 

A relatively detailed survey of static and total p r e s s u r e s  

1 



3 mately lo3 ,  has  been reported by Yevseyev . 
of the effects of back p res su re  on the internal flow. 

microrocket  technology pr ior  to 1966 is given by Sutherland and Maes  . 

His work a l so  includes a study 

A general  review of 
4 

Among severa l  theoretical  methods, which have been applied to low- 
density nozzle flows, the slender-channel formulation has  been found to give 

a reliable description of the flow a t  Reynolds numbers applicable to m i c r o -  
5 thrus t  rockets. The slender-channel equations were  first used by Williams 

in a similar-solutions analysis and were  l a t e r  applied by Rae , who obtained 

general  numerical  solutions for seve ra l  rea l i s t ic  nozzle configurations. 

resul ts  of Rae 's  calculations, which were  performed in an ea r l i e r  phase of 

the present  program, a r e  generally consistent with the experimental  p re s  - 
s u r e s  and Mach numbers reported by Yevseyev' a t  a Reynolds number of 10 . 
The s e r i e s  of experiments described in the present  paper was initiated for  

the purpose of substantiating some of the predictions made by Rae a t  lower 

Reynolds numbers,  and for providing new data which may be used a s  a bas i s  

for formulating an improved version of this theory. 

ling features  of this theory is the prediction of a closed supersonic region 

embedded i n  a viscous subsonic flow a t  a Reynolds number of 100. A con- 

firmation or  refutation of the reality of such a supersonic "bubble" consti-  

tutes a cr i t ical  tes t  of the slender-channel formulation. 

experimental conditions was chosen to make  this t e s t  possible. 

6 

The 

3 

6 

One of the more  s t a r t -  

The range of 

An electron-beam fluorescence probe was used in the present  ex- 

per imental  program a s  the pr imary  diagnostic tool for determining gas 

densit ies and tempera tures  throughout the flow field. 

ca r r i ed  out in  a steady-flow low-density tunnel a t  nozzle Reynolds numbers  in  

the range 100 L B L 1500. For  the sake of easy comparison with Rae ' s  

calculations,the Reynolds number B used he re  is  identical with his and i s  

defined by 

The investigation was 

B =  

where 

The symbol & represents  the adiabatic escape speed ( & 
and po a r e  gas density and viscosity in the stagnation chamber .  

), and 

2 



r.,* is the throat radius.  

m o r e  commonly used throat Reynolds number, Re.,,, based on flow corlditions 

in the throat  and the throat  radius,  by 

F o r  a diatomic gas ( $' = 7 / 5 ) ,  B i s  related to the 
-8% 

B 3.5 Re,. 

In the following section the electron beam technique for determining 

s ta t ic  tempera tures  and densities in nitrogen is  briefly reviewed. (This i s  

not meant to  be a complete survey of previous work in this field. ) The in- 

strumentation and experimental  procedure a r e  described in Section 111. 

Results a r e  presented and discussed in Section IV. 

3 



11. ELECTRON BEAM TECHNIQUE 

When a well- collimated, high- energy, low -cur ren t  electron beam 

i s  passed through a gas a minute fraction of the gas molecules is  excited to 

higher-lying electronic s ta tes  through inelastic coll isions.  Spontaneous 

transit ions to lower energy levels gives r i s e  to a fluorescence,  which i s  

largely confined to  the volume pervaded by the electron beam, due to the 

shor t  lifetimes of the excited s ta tes .  A t  low p r e s s u r e  levels ( L 0. 5 t o r r )  

collisional quenching effects a r e  unimportant, and the radiation emitted f r o m  

a smal l  volume of gas in the electron beam i s  directly proportional to the 

local number density of molecules and, hence, can  be used to determine 

m a s s  densities a t  a point in a gasdynamic flow. This method was first pro-  

posed and used by Schumacher and Gadamer , and has  since found acceptance 

a s  a routine technique for measuring gas densit ies in low-density aerodynamic 

r e sea rch .  

7 

At low p res su res  the spectrum of electron-beam excited nitrogen 

consis ts  pr imari ly  of the bands of the f i r s t  negative sys tem of N ’, which 

a r e  the resul t  of transit ions f rom the 6 ‘2: 
2 

state to the ionic ground s ta te ,  

X ‘,E:% . The most  intense band of this system is  the 0 - 0  vibration- 
0 

rotation band, the bandhead of which l ies  a t  a wavelength of 3914 A .  

this band which was analyzed spectrometr ical ly  in the present  study to 

derive gas densities and tempera tures .  

this emission band is  indicative of the relative number distribution of excited 

molecules among the rotationalenergy levels of the 8 %, state .  

s ta t is t ical  rules governing the excitation process  f rom the neutral  ground 

state to the B ‘2: state a r e  understood, the originalundisturbed population 

of the rotational energy levels in the ground s ta te  can be derived. 

It i s  

The rotational f ine-s t ructure  in 

+ 
If the 

When a g a s  molecule absorbs a quantum of energy f rom a passing 

electron of kilovolt energy, the process  of excitation, due to the rapidly 

changing electro-magnetic field of the moving electron, is not unlike the 

excitation produced by the absorption of a photon. 

assumed that the optical selection ru les  can  be applied to the electron-beam 

Consequently, it may be 

4 



excitation process .  

suggested that the electron beam may  be used to determine gas tempera tures  

in nitrogen flows. He showed that the method gives accurate  tempera ture  

measurements  in the range between 300 OK and 400 OK. Experiments per -  
9 formed subsequently in expanding flows of nitrogen by Robben and Talbot , 

Marronel ' ,  Ashkenas", and Pe t r ie  and Boiarski12 have shown that even 

very low tempera tures  can be determined in supersonic flows by the electron 

beam method, provided the following conditions exist: 

This assumption was employed by Muntz8, who f i r s t  

1. The flow i s  expanding a t  a r a t e  slow enough and a t  densit ies 

high enough for  the rotational degrees  of f reedom to remain  

in equilibrium with translational random energies .  

2. The radiation analyzed der ives  f rom excited molecules 

which have been produced by collisions with high-energy 

electrons only. 

If condition 1 i s  satisfied,  a Boltzmann distribution is generally 

observed for the rotational energies of the molecules.  However, under 

ex t reme nonequilibrium conditions, a s  found in shock compressions and low- 

density f r e e  je t  expansions, pronounced non-Boltzmann distributions have 

been observed lo '  l3 for the rotational degrees of freedom. 

The second condition is necessary to exclude the effects of low 

energy secondary electrons.  

( L 200 eV) the optical selection rules  a r e  known to be violated ( see  e .  g. 
14 8 Polyakova e t  a l .  

would indicate a n  apparent non-Boltzmann distribution of rotational energies .  

Since a fraction of the electron beam luminescence is caused by low-energy 

secondaries (Harbour e t  a l .  15), produced in ionizing collisions of p r imar i e s  

with gas  molecules,  a smal l  apparent deviation f rom Boltzmann behavior is 

generally observed. This i s  mos t  pronounced for the rotational l ines c o r -  

responding to higher rotational quantum numbers  (K > 10). 

ignored the measured  rotational temperatures  a r e  generally too high. The 

discrepancy is of the o rde r  of 10 KO and i s  approximately constant over the 

tempera ture  range of interest  here .  

F o r  excitation by low-energy electrons 

), so that the method of interpretation used b y  Muntz 

If this effect is 

Petr ie  and Boiarski12 have studied this 

5 



effect under conditions where rotational freezing was absent,  and have found 

that,  if ca re  is  taken to observe the center  of the electron beam only, and if 

the low-intensity lines in the ta i l  of the band a r e  excluded f r o m  the analysis ,  

then the discrepancy does not exceed 5 KO in the tempera ture  range f r o m  

20°K to 300°K. 

on the measured temperatures  is negligible at room tempera tures  and 

becomes important only a t  extremely low tempera tures .  

t u re s  above 50°K the e r r o r  amounts to l e s s  than 10%. 

Under these conditions, the effect of secondary electrons 

A t  static t empera -  

The change with tempera ture  of the rotational f ine-s t ructure  in the 

I 
R-branch of the 0 - 0  band of N2+(1-) is i l lustrated in Fig.  1, which shows two 

records  obtained during the present  experimental  p rogram with a scanning 

spectrometer  described in the next section. 

is only about 20 A ,  which gives an indication of the spec t ra l  resolution r e -  

quired ( % 0.  5 i). 

The wavelength range scanned 
0 

The K '  numbers a r e  the rotational quantum numbers  of 

I the excited molecules in the B state.  Even-numbered l ines have one 

half the intensity of the odd-numbered l ines,  due to the different s ta t is t ical  

weights of the rotational levels.  

higher rotational states with decreasing tempera ture  i s  c lear ly  evident in 

Fig.  1. A t  250°K lines of maximum intensity correspond to K' = 6 and 7,  
whereas  a t  8 0 ° K  this maximum has shifted to l ines K '  = 3 and 4. 

The decrease  in the population of the 

Also, a t  
~ 

I 
I the lower temperature  a much fas te r  drop-off of line intensity i s  observed 

in the tail  of the band. 

~ 

Under equilibrium conditions the rotational temperature ,  T R ,  is  

defined by the ratio of any two line intensities (e .g .  K' = 3 and K' = 9) .  
accura te  temperature  determinations a r e  obtained, however, by making use 

of a l l  the line intensities in a procedure descr ibed by Muntz . This method 

of data reduction a l so  provides information about a possible non-Boltzmann 

distribution of rotational energies .  

p resent  experiments is s imi la r  to that of Muntz and i s  descr ibed hereunder .  

More 

8 

The procedure followed throughout the 

F o r  the R-branch of the 0-0  band the line intensity, I ( K ' ) ,  f o r  a 
8 given rotational temp e r a  tur e ,  T R ,  i s  given by 

6 



where h is  the wavelength of the line, and h,is a reference wavelength, 

h e r e  taken to be that of the rotational line corresponding to K' = 1 (i. E.  he 
= 3909 .7 ) .  
t empera ture  of the nitrogen molecule in  the 0th vibrational level. 

ical  value of is 2.  87°K (see  e.  g. Herzberg"). The function G(K' ,  T R ) ,  

which includes the Hgnl - London rotational transit ion probabilities, may be 

expressed  a s  

The factor eR in the exponent is  the character is t ic  rotational 

The numer-  

R 

- Z(K'+r I  grp/TR 2 K ' eR /TR 

(4) 
( K ' t  1) e t K ' e  

G ( K :  TR, = 
2 K ' + I  

Equation ( 3 )  is valid only for  temperatures  below approximately 800"K, to 

preclude any appreciable population in all but the lowest vibrational level.  

A convenient f o r m  of Eq. ( 3 ) ,  which indicates more  direct ly  the method 
of data reduction, is obtained by rewriting it a s  

To  derive a rotational temperature  f rom the recorded spectrum, 

relative line intensities were  f i r s t  obtained by measuring the heights of the 

l ines in the band. F o r  even-numbered lines the intensities were  multiplied 

by a factor  of two. The relative line strengths were  then normalized by 
4 dividing each line intensity by its corresponding value of 2K' G( A 6 / A  ) . 

Logarithmic values of this function were calculated with the aid of a computer 

for  the f i r s t  21 l ines in the band and over a tempera ture  range f rom 2°K to 

800°K. 

repor t  (Table 1). 

estimated f rom the rat io  of two of the line intensities. 

sufficiently accurate ,  so that the cor rec t  normalization factors  could be 

determined without fur ther  iteration. When the logarithms of the normalized 

line intensities a r e  plotted against  K' (K' + I ) ,  the pat tern of points defines a 

s t ra ight  line for a Boltzmann distribution of rotational energies  (Fig.  2). 

inverse  slope of this line i s  proportional to  the rotational tempera ture  

( see  Eq. 5). 

A table of these calculated values can  be found a t  the end of this 

Since G is  itself a function of TR,  a value of T was first R 
This tempera ture  was 

The 
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So as  to  minimize the effect of secondary electrons on the t empera -  

t u r e  determination, a l l  l ine intensit ies in the tail of the band which measured 

l e s s  than 10% of the maximum line intensity w e r e  omitted in the data reduction 

for  reasons  discussed ear l ie r .  

was an a rb i t r a ry  choice, but was consistent with the signal-to-noise ra t io  

for  most  of the recorded data. 

affected by the random noise to  the extent that intensit ies could no longer be 

determined with sufficient accuracy to  be useful i n  defining a rotational 

temperature .  

l ines a t  200°K and to  the f i r s t  7 l ines at 50°K. 

away in the tail of the band per ta ins  to  a small fraction of the total  rotational 

energy in the gas only, s o  that the tempera tures  calculated a re  still r e p r e -  

sentative of the s ta te  of rotational excitation. 

The cut-off point at 10% maximum intensity 

Lines beyond the cut-off point w e r e  generally 

F o r  example, the data analysis was res t r ic ted  to  the first 13 

The information thrown 

Within the l imits  of the described data  analysis  no deviation f r o m  

Boltzmann behavior was observed. 

f r o m  t 1% to t 570 and were  estimated f r o m  a s ta t is t ical  analysis  of the 

scat ter  of points around the straight-l ine plot. 

Random experimental  e r r o r s  var ied 

- - 



111. EXPERIMENTAL ARRANGEMENT AND PROCEDURE 

A l l  experiments were  performed in the test section of a steady-flow 

low-density tunnel, which was designed and assembled for  the purpose of 

testing low-mass-flow devices of the type discussed in this report .  

u rements  of gas density and temperature  were  obtained by  the electron beam 

technique described in the previous section. To generate the electron beam, 

a n  existing electron gun system, which had been used in a previous se t  of 

e xp e r im e nt s, 17’ l8 was  modified and mounted on top of the t e s t  section of 

the new facility, 

Meas- 

1. Low-Densitv Tunnel 

Two views of the low-density tunnel and the electron gun a r e  shown 

The t e s t  section i s  rectangular and is 36 c m  wide, 40 c m  

It i s  made f rom mild s teel ,  which helps to  shield the 

in F i g s .  3 and 4. 
high and 100 c m  long. 

in te r ior  f r o m  possible t ransient  magnetic fields originating f r o m  electr ical  

apparatus  located elsewhere in  the laboratory. 

maintaining proper  beam alignment during the experiments. 

has  four c i rcu lar  access  ports  (diameters  a r e  15, 20,  30 and 30 cm) ,  which 

can be used fo r  observation windows or for mounting instrumentation. 

Magnetic shielding aids in 

The t e s t  section 

The m a s s  flow capability of the tunnel is provided by an  Edwards 

18B4 oil-vapor booster pump, which has an  unbaffled pumping speed for a i r  

of 3000 l / s  a t  1 p H g  and of 1500 l / s  at 50 p H g .  

by a 6 0  l / s  rotary pump. 

pump by a 30 c m  water-cooled right-angle isolation valve. 

forms  an integral par t  with a 30 c m  diameter duct connecting the t e s t  section 

to the booster pump (Fig .  4).  
partially open position to thrott le the m a s s  flow through the tunnel. 

re f r igera ted  chevron baffle i s  used on top of the booster pump to condense 

pump fluid vapors in o rde r  to prevent them f rom entering the t e s t  section. 

The flow impedance caused by the baffle and the valve reduces the effective 

pumping speed of the tunnel to approximately 1500 l / s  a t  1 p H g  and to 1000 

l / s  a t  50 

The booster pump is  backed 

The tes t  section may be isolated f rom the booster 

The valve body 

The valve can also be locked in any a r b i t r a r y  

A freon- 

Hg tes t  section p res su re .  
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The experimentally determined mass flow cha rac t e r i s t i c s  of the 

tunnel for  nitrogen a re  given in Fig.  5. 

111, 2 )  was used for  determining these va lues ,  

10 y Hg the unthrottled mass flow ra t e  fo r  nitrogen is 1 g /min .  

imum mass flow that can be handled by th i s  facil i ty is approximately 5 g /min  

a t  a test section p r e s s u r e  of 7 0  p H g .  

A calibrated flow m e t e r  ( see  Sec.  

A t  a test section p r e s s u r e  of 

The  max- 

Gas  pressures  in  the test section can  be measu red  accurately by a 

liquid-nitrogen-trapped mercu ry  McLeod gauge (C VC - 100A). 

a Varian "Millitorr MIG-10" high-pressure ionization gauge with a range of 

In addition, 

to 1 t o r r  is mounted on the s ide of the t e s t  section for  providing approx- 
imate  but instantaneous readings of the t e s t  section p res su re .  

type 0-20  to r r  diaphragm gauge se rves  as a n  indicator for  ensuring that the 

p r e s s u r e  in the backing line of the booster pump s tays  below the limiting 

p res su re  of 2 t o r r .  

A l a rge  dial-  

The preceding description refers t o  the basic vacuum chamber and 

associated pumps. Additional apparatus and instrumentation, as sembled 

specifically for the present  experiments,  is discussed in  sequence in the  

following subsections. 

is presented in Fig. 6. 
sys tems : the stagnation chamber ,  SC, with nozzle, N,  and gas  meter ing 
sys tem,  F; the electron gun, G, projecting a n  electron beam, B, ver t ica l ly  

through the tes t  section; and finally a n  optical  m i r r o r  sys tem,  0, and two 

spec t rometers ,  S1 and S 2 ,  for  analyzing the beam luminescence. 
following paragraphs it will  be helpful to  refer back t o  the general  outline 

in Fig. 6. 

A general  outline of the experimental  a r rangement  

Grouped around the test section a re  th ree  sub- 

In the  

2. Stagnation Chamber and Flow Meter  

The  stagnation chamber  and nozzle holder,  SC (Fig.  6 ) ,  projects  

into the test section through one of the s ide por t s .  

diameter  s ta inless  steel tube, which te lescopes into a l a r g e r  tube mounted 

on a movable flange (Fig.  7 ) .  
can  be aligned la te ra l ly  and axially for  positioning the nozzle re la t ive t o  the 

electron beam. 

direction by means of a lead-screw assembly dr iven by a synchronous motor .  

It cons is t s  of a 5 c m  

With this  a r rangement  the stagnation chamber  

It can a l so  be t ranslated a t  a uniform r a t e  in  the axial 

10 
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A second motor-driven slide assembly (Fig.  7 ) ,  which moves a t  the same  

ra t e  a s  the nozzle, has  been built as a c a m e r a  platform for the purpose of 

flow visualization. 

The s t ruc ture  of low-density nozzle plumes o r  f r ee  je t s  can be 

photographed by moving the electron beam relative to the flow field in a 

plane defined by the beam and the flow axis ,  while taking a t ime exposure of 

the beam luminescence. 

portional to the gas density, a density m a p  of a two-dimensional flow section 

is recorded on the film. 

paper.  l9 With the present  arrangement,  the nozzle and the camera ,  C 

(F ig .  6 ) ,  which observes  the electron beam through the glass  window, W, 

a r e  moved a t  uniform and equal velocities relative to the stationary electron 

beam. 

Since the beam luminescence is  everywhere pro-  

The technique has  been described in an ea r l i e r  

The gas flow into the stagnation chamber  and through the nozzle can  

be adjusted by a fine-control needle valve, V,  and can be measured  with a 

cal ibrated flow meter ,  F (Fig.  6 ) .  The la t te r  is  a F i sche r -Por t e r  "Tr i -  

Flat" flow r a t e r  and consis ts  of a graduated tapered glass  tube and an  inter-  

changeable 3 . 2  mm diameter  spherical  float (sapphire,  stainless s teel ,  o r  

tantalum). 

ferent  m a s s  flow ranges.  

Float mater ia l s  of different specific weights a r e  used for dif- 

In the experiments the flow meter has been used with nitrogen 

(Matheson, High Puri ty  grade) a t  a pressure ,  pf, of 20 psia (1034 t o r r ) .  

Mass  flow ra t e s  of nitrogen through the nozzle a r e  determined f rom cal i -  

bration curves  supplied by the manufacturer for this flow me te r .  Quoted 

accuracy of the calibration is  f 2% of full-scale deflection. 

readings correspond to m a s s  flow rates  of 3 . 3  g /min  with the tantalum float 

and 1. 4 g /min  with the sapphire float. 

in the range between 0 and 20  t o r r  a r e  measured  with a mechanical diaphragm 

gauge connected to the stagnation chamber.  

Ful l -scale  

PO Stagnation chamber  p re s su res ,  
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3 .  Electron Gun System 

The electron gun employed in the present  experiments has  been 

descr ibed in Ref. 17. F o r  completeness,  a brief description of this unit is  

repeated here.  

The 15kV electron beam is produced by a s tandard cathode-ray gun 

(Superior Electronics,  SED- 110) with an  indirectly heated alkal ine-ear th  

cathode and electrostatic focusing lenses.  

s tee l  chamber maintained at a vacuum of approximately 10 

nitrogen trapped oil-vapor diffusion pump. F r o m  the gun chamber the electron 

beam passes  through a small ape r tu re  into an  in te rmedia te -pressure  chamber ,  

IC (Fig.  6) ,  and f r o m  there  through a second ape r tu re  into the t e s t  section. 

A continuously pumped intermediate-pressure chamber  is required to  main- 

tain a satisfactory vacuum in the gun chamber,  when the tes t  section p r e s s u r e  

is above 10 

a 6 mm thick copper plate;  the lower ape r tu re  is a 1 m m  hole in a s imi l a r  

plate. 

achieved by shifting and tilting the electron gun mechanically. 

The gun is housed in a s ta in less -  
-6 t o r r  by a liquid- 

- 3  to r r .  The upper ape r tu re  consis ts  of a 2 m m  diameter  hole in 

Alignment of the electron beam with respect  t o  the ape r tu re s  is  

After passing vertically through the t e s t  section the electron beam 

is terminated in a collector cup a t  the bottom of the t e s t  section. 
collector consists of a hollow copper block lined with a graphite inser t .  

The copper block i s  electrically insulated f rom ground by a boron-nitride 

support, so  that the beam curren t  can be measured  with a mic ro -ammete r .  

Beam curren ts  between 100 and 200 p A  can  be obtained with this gun. 

The beam 

The electron beam may be passed through different regions of the 

flow by moving the nozzle, N ,  with respec t  to the electron beam. Keeping 

the electron beam fixedin the laboratory f rame of reference has  the advant- 

age that the optics need not be re-aligned, when the point of observation is 

moved to  a new position in the flow field. 

4. Optical Instrumentation 

The electron beam fluorescence i s  analyzed by two separate  spec- 

t r o m e t e r s ,  S1 and S 2 ,  which view the beam f r o m  the downstream direction 

(Fig.  6 ) .  
e lectron beam in the entrance-sli t  plane of e i ther  instrument.  

The optical system, 0, can  be adjusted to fo rm an  image of the 

The s l i ts  a r e  

12 



masked,  so that light originating in a smal l  volume of the beam only can 

en ter .  

t ransmiss ion  of light in the near  ultraviolet. 

A t e s t  section window made of quartz  is used to a s s u r e  uniform 

The optical imaging sys tem consists of three m i r r o r s ,  two plane 

diagonals, M1 and M2, and a spherical  coll imator,  M3, mounted vertically 

above the diagonals. 

axis ,  and m i r r o r  M 

driven linkage. 

m o r e  detail  in Figs.  8 and 9. 

Mi r ro r  M 

can be rotated around a horizontal axis by  a motor-  

can be turned through 90" around a ver t ical  2 

1 
The m i r r o r  arrangement  and linkage design a r e  shown in 

Rotational temperature  determinations a r e  made with diagonal 

m i r r o r  M in the position shown in Fig. 6.  In this position the spherical  

m i r r o r ,  M3, produces a rea l ,  full-size image of the beam a t  the s l i t  of a 

3 / 4  m grating spectrometer ,  S1, which has  a Czerny-Turner  a r rangement  
t of m i r r o r s  and a f / 6 .  5 aperature .  The rotational f ine-s t ructure  of the N2 

band i s  determined with this instrument, which is used in second o rde r ,  

where the l inear  dispersion is 5 A/mm. The entrance slit is 0.030 mm wide 

and 1 mm high and is paral le l  to the beam image. 

the spat ia l  resolution for this  type of measurement .  

ular band s t ruc ture  the spectrum is  scanned ac ross  the 0. 1 mm wide exit 

slit by rotating the diffraction grating. 

multiplier with a modified s-13 response se rves  a s  the detector.  

photomultiplier signal is  amplified by an  electrometer ,  A ,  and recorded with 

a n  ink-pen r eco rde r ,  R .  Approximately 3 minutes a r e  required for  a typical 

scan. 

2 

0 

The slit opening defines 

To analyze the molec-  

An EMI-6256s quartz-window photo- 

The 

F o r  measuring local gas density, the m i r r o r  M i s  rotated 90" 2 
around a ver t ical  axis (Fig. 8) ,  so that the beam image i s  formed on the s l i t  

of a low-dispersion (33 A / m m )  Ebert-type grating spectrometer ,  . This 

a r rangement  of m i r r o r s  M 

to the S spec t rometer  sl i t .  With this image orientation the density meas -  

urements  a r e  independent of beam spreading due to small-angle scat ter ing.  

The entrance slit is 0 .  5 mm wide and 10 mm long. 

spatial  resolution i s  determined by the electron beam diameter  ( * 1 mm) 

in the horizontal dimensions and by the 0. 5 mm 'slit width in the ver t ical  

0 

s2 
to M 1 3 produces a horizontal image perpendicular 

2 

Here  the result ing 
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direction. 

within the flat portion of the trapezoidal s l i t  function. 

below 300°K essentially a l l  molecules a r e  in the vibrational ground s ta te ,  

and the integrated band intensity se rves  a s  an accura te  measu re  of gas 

density. 

recorded a s  before. 

The exit s l i t  is 2 mm wide, so that the ent i re  N t (0 ,  0 )  band fa l l s  2 
F o r  tempera tures  

Band intensities a r e  measured  with a 1P28 photomultiplier and a r e  

The point of observation can be moved up and down the electron 

This  beam by rotating the diagonal m i r r o r  M1 around a horizontal axis .  

permi ts  densities and tempera tures  to be determined a t  off-axis points in 

the flow. Rotation of this m i r r o r  i s  controlled by a linkage and a motor -  

driven micrometer  (Fig.  9 ) ,  such that the micrometer  reading corresponds 

directly to position along the electron beam. Radial density profiles through 

the flow field a r e  obtained by moving the point of observation along the beam 

a t  uniform speed, while recording the total  band intensity a s  a function of 

t ime.  

Figure 10 gives an overal l  view of the experimental  setup. 
low-density tunnel with the electron gun and associated pumps fills much of 

the central  portion of the photograph. On the left a r e  the optical spectrom- 

e t e r s  and recording instruments.  The flow m e t e r  and p res su re  gauges a r e  

visible on the right. 

The 

5. Prel iminary Tes t s  

A se r i e s  of experiments was performed to t e s t  and cal ibrate  the 

electron beam probe and the optical instrumentation in a known flow field. 

Such a flow is a n  underexpanded f r ee  j e t  expanding f rom a sonic orifice.  

F r e e  je t  s t ructure  is  relatively well understood f rom previous theoretical  20,21  

22, 23,  249 l o  work. and experimental 

A free jet  exhausting into an ambient gas  a t  non-zero p r e s s u r e  is  

character ized by a closed pattern of shock waves,  which surround the ex- 

pansion plume and isolate it f rom the effects of the ambient p r e s s u r e .  

shock pat tern consists of a barrel-shaped shock enveloping the jet and a 

plane shock which is normal  to the s t reamlines  and terminates  the expan- 

sion. This normal shock is generally r e fe r r ed  to a s  the Mach disc.  The 

The 
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between the sonic orifice and the Mach d isc  has  been zM1 dis tance,  

found 2 1 9 2 2 ' 2 3  to  be proportional to the orifice radius ,  r.,,, and to the square  

root  of the p r e s s u r e  rat io  a c r o s s  the orifice, and i s  given by the empir ica l  

law 

-,- 

1 - 
M =3 r:k (Po/P, 1 2 '  (6 1 

4 Z 

r ega rd le s s  of the specific heat ratio,  a , of the gas  

F o r  a given pumping capacity of the tunnel, the p re s su re  ratio,  

, which can be maintained ac ross  the orifice,  i s  indirectly propor- 

When the mass  flow equations describing tunnel 

is foundz3 to 

po/p, 
tional to  the orifice a r e a .  

performance a r e  combined with Eq. ( 6 ) ,  then the distance z 

be proportional to  the square  root of the volumetric pumping speed, V, of 

the tunnel, independent of orifice size.  The derived relation is  

M 

where R is  the universal  gas constant and 7xa i s  the molecular  weight of the 

t e s t  gas. on ';Y is ve ry  weak. 

i n  the value of 'f f rom 1 . 3  to 1. 67 produces only a 4yo variation in  z If, 
fur thermore ,  the volumetric pumping speed of the tunnel i s  inversely pro-  

portional to the square  root of the molecular weight (a good approximation 

for  mos t  pumping systems), then z 

gas used and can  be considered a figure of m e r i t  of the par t icular  facility. 

In this equation the dependence of z A change M 

M '  

becomes essentially independent of the M 

In the prel iminary tests, f r e e  jet plumes of argon, hel ium, carbon- 

dioxide and nitrogen were  produced with a sharp-edged 5 mm diameter  

or i f ice .  Flow visualization photographs, acquired by the technique descr ibed 

in subsec t ion  2 ,  a r e  shown in Figs.  11 and 12. J e t s  in Figs .  11 and 12A 

w e r e  obtained with the maximum available pumping speed of the tunnel and 

with a stagnation p r e s s u r e  of 9 . 8  t o r r .  

value of z is approximately 67 mm. This figure is consistent with Eq. ( 7 )  

and the pumping speeds determined with the flow meter(  m 1600 l / s  for  N2 

and correspondingly less for  A r  and CO ).  

F o r  A r ,  N2 and GO2 the observed 

M 

2 
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If the inverse proportionality of V to  the square  root  of the molec-  

u la r  weight were  exact,  then the pumping speed for  helium should be 3 .  2 

t imes  that for  argon. F o r  the type of diffusion pump used in the present  

facil i ty,  the actual pumping speed fo r  helium is only about 2 . 2  t imes  the 

volumetric pumping rate fo r  argon. Consequently, in the helium j e t  (Fig.  11, 

cen te r )  the Mach disc  lies c lose r  to the or i f ice  than for  the other j e t s .  

Fur thermore ,  the b a r r e l  shock and Mach d isc  a r e  considerably m o r e  diffuse 

fo r  helium due to the higher value of its viscosity a t  similar t empera tu res .  

Whereas the distance to the Mach d i sc  is insensi t ive to fo r  a 

given pumping capacity, the Mach disc  diameter  is not. 

mately doubles a s  a 
A corresponding widening of the plume and an  increase in  the angle of incli- 

nation of the jet boundary a t  the orifi-ce a r e  a l so  evident f r o m  the photographs. 

This  behavior is consistent with calculations performed by Love et  a l .  

using the method of cha rac t e r i s t i c s .  

The latter approxi- 

decreases  f rom 1.67 for  argon to 1 . 2 8  fo r  C 0 2  (Fig.  11). 

21 

The f r e e  je t s  of Fig.  12 were  a l l  obtained with nitrogen as  the t e s t  

fluid. 

occurr ing in the f r e e  je t  s t ruc tu re  when the je t  Reynolds number is decreased  

by a factor  of 1 / 2  with no appreciable change in the or i f ice  p r e s s u r e  ratio.  

Owing to the increased importance of viscous effects in Fig.  12B the shock 

pat tern has  become so  diffuse that the Mach disc  is no longer recognized as  

a separa te  feature.  

remained the same ,  however. It was shown in R e f .  24 that the dimension- 

less Mach disc thickness & / Z M  is proportional to ( po p, ) - 2  for  a given 

gas  and a fixed or i f ice  s i ze  and stagnation temperature .  

shock thickness for  the je t  in F ig .  12B is approximately twice that for  the 

j e t  in  Fig.  12A. 

A comparison between Figs .  12A and 12B demonstrates  the change 

The general  s i ze  and shape of the expansion ce l l  has  

I - 

Consequently, the 

When the jet  Reynolds number is kept constant (constant p ), but 

the p r e s s u r e  rat io  a c r o s s  the or i f ice  is decreased  f r o m  323 to 100, the 

appearance of the free  je t  changes f r o m  that  of Fig.  12B to the configuration 

of F ig .  12C. In accordance with Eq. (6) the s ize  of the expansion ce l l  of 

J e t  C has decreased to 0. 56 times the s ize  of je t  B ( o r  A) .  

the thickness of the shock envelope has  decreased  by a n  additional factor  of 

0 

A t  the s a m e  t ime 
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I 

. The definition of )-z 
0 pa3 

0. 56 because of the change in the quantity (p 

the b a r r e l  shock and Mach disc is thereby increased almost  to  the level of 

the definition present  in  F ig .  12A. 

By scanning along the electron beam with the rotating m i r r o r ,  a 

s e r i e s  of radial  density profiles through the plume of a nitrogen free je t  was 

obtained. = 9. 2 t o r r ,  r,, = 2. 5 mm) were  

s imi l a r  to  those for  the je t  depicted in Fig. 12A. The experimental  density 

profiles have been arranged in Fig. 13 in a sequence of increasing distance,  

z, f r o m  the  orifice. The first and last profiles a r e  1. 5 c m  and 10 c m  f r o m  

the or i f ice ,  respectively. 

of 10 c m  measured diametrically through the plume. Between z / r ,  = 6 and 

z/r:: = 12 the most notable features  of the f r e e  je t  a r e  the rapid dec rease  in 

axial density and the gradual development of the b a r r e l  shock. 

l a r g e r  than 12r, ,  the cent ra l  density is below the ambient density (equivalent 

to  29,uHg) until the flow passes  through the Mach d isc ,  the center  of which 

l ies  between 26r.,, and 27r.,,. 

s t r e a m  of the Mach disc. In this region the most prominent feature  is the 

reflected b a r r e l  shock, which gradually dissolves with increasing distance 

f r o m  the  Mach disc  due to the viscous nature of the flow. 

The conditions for  this jet (p 
0 -8. 

The width of each profile represents  a distance 

-,* 

F o r  distances 

-0- 

Profi les  f o r  z / r . , , l  28 descr ibe  the region down- 
,c -I* ,,- 

Densities and temperatures  determined at points along the axis of 

The thermo-  this  f r e e  jet are  compared with isentropic theory in  Fig. 14. 

dynamic var iables  have been normalized h e r e  by the corresponding stagnation 

chamber  propert ies .  

se t  of radial  density profiles in Fig. 13, 

density scan  l ie outside of the f r ee  je t  and serve  as  calibration points, since 

the ambient density is known f rom the measured p res su re  and temperature  

in the t e s t  section. 

proportional to the photomultiplier signal, which in this case  represents  the 

integrated band intensity. F o r  z/r:; L 16 the measured  centerline densit ies 

a r e  in excellent agreement  with isentropic theory. 

a r e  based on Owen and Thornhill 's20 method of charac te r i s t ics  calculations 

in the f a r  field and on measurements  reported by Ashkenas and Sherman 

nea r  the orifice. 

The densit ies given represent  the center  points of the 

The extreme points of each radial  

I 
Densities elsewhere along the profile a r e  taken to be 

The isentropic curves  

23 

For  la rge  values of z/r,,. the density i s  expected to  fall  off ,,. 
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- 2  as z ( s e e  Ref. 2 3 ) .  At z/r.,- > 16 the experimental  densi t ies  deviate f r o m  

the isentropic curve  because of the flow going through the Mach disc  there .  

Close to  the orifice the agreement  is good t o  distances as small a s  z/r.,- = 2. 

The local p re s su re  at this point is approximately 0. 5 t o r r .  Hence, it may be 
concluded that the band intensity is approximately proportional t o  gas  density 

up to p re s su re  levels of s eve ra l  hundred microns.  At higher p re s su res  

quenching effects become important (Brocklehurst  and Downing ), and 

suitable correct ions should be applied. 

-8- 

-8- 

2 5  

Measured tempera tures  deviate f r o m  the isentropic curve in a 

region where the density s t i l l  decreases  as the inverse  square  of distance. 

The present  measurements ag ree  closely with data by Marrone (dotted c u r v e )  
for a similar Reynolds number (p  r.,, = 20 t o r r - m m  compared with 23 t o r r - m m  

for  the present jet) .  

freezing in  the rapidly expanding f r e e  jet. 

rotational freezing in  nozzle flows will be discussed in Section IV. 
r i um effects of this type a r e  not expected, because the nozzle flows investigated 
expand a t  a considerably slower ra te  than this f r e e  jet ,  

10 

0 e,. 

The observed deviation may be interpreted as rotational 

The question of the possibility of 

Nonequilib- 

The resul ts  of the preliminary experiments have demonstrated the 

usefulness of the flow visualization technique; and the method for obtaining 

radial  density profiles,  by scanning along the electron beam with a rotating 
m i r r o r ,  has  proven to be a workable procedure.  

ured densities and rotational temperatures  with theory and previous experi-  

ments has shown that the present  arrangement  of the optical instrumentation 

and the method of data reduction a r e  suitable for obtaining accura te  values 

of these quantities a t  selected points throughout an expanding supersonic 

flow. 

6. 

Nozzle Construction 

The agreement  of m e a s -  

Nozzles and Their Interaction with the Electron Beam 

F o r  the study of low-density viscous nozzle flows two supersonic 

nozzles with different throat  d iameters  were  fabricated (Fig. 15). 

a r e  machined f rom black graphite to reduce optical reflections. 

Both nozzles 
The low 
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atomic number of carbon a l so  helps to minimize backscattering of beam 

electrons and emission of secondary electrons, when the beam is terminated 

on o r  in  the nozzle. 

s imilar ,and the throat d iameters  a r e  5. 1 mm and 2. 5 mm. 

a conical subsonic portion with a 30 

expansion cone with a 20 A relatively sharp  throat is used with 

a longitudinal radius of curva ture  equal t o  1 / 4  the throat  diameter  (or  r.,./2), 

The a r e a  rat io  at the exit is 66. 

The in te rna l  contours of the nozzles a r e  geometrically 

Each nozzle has  
0 half-angle and a diverging supersonic 

0 half-angle. 

*P 

Small holes a r e  dr i l led through the top wall of each nozzle to permi t  

the electron beam to enter  the nozzle inter ior .  The hole d iameters  dec rease  

towards the throat and a r e  l e s s  than two local molecular mean f r e e  paths for  

the majority of the present  tes t s .  Hence, the flow disturbance caused by 

these holes is considered negligible. The nozzles a r e  built f rom two halves, 

which a r e  electrically insulated f rom each other and f rom ground, so  that 

the portion of the electron cu r ren t  intercepted by each half can be measured  

separately.  

given hole with respect  to the electron beam and to determine the beam cur -  

ren t  inside the nozzle. 

This feature makes it possible to optimize the alignment of a 

Reynolds Number Regimes 

Flow visualization studies of the external plume s t ruc tu re  have 

indicated that the flow inside the nozzle is adversely affected i f  the ambient 

t e s t  section p r e s s u r e  exceeds the j e t  p re s su re  at the nozzle exit. Because 

of pumping limitations, the 5 m-mnozzle could only be used a t  Reynolds 

numbers ,  B, below 600, i f  adverse  effects due to the ambient p r e s s u r e  were  

to  be avoided. 

the nozzle is proportional to p r.,, or Br.,,. Hence, for a specified mass  flow 

(and a corresponding tes t  section pressure)  the nozzle Reynolds number is 

inversely proportional to nozzle size. 

kept constant, r.L must be decreased in o rde r  to  inc rease  B. 

fo r  a specified value of B, the smal le r  nozzle can be operated a t  a lower 

t e s t  section p res su re .  

data above B = 600. 

tion chamber  p r e s s u r e  a r e  given in Fig. 16 for the two nozzles. 

F o r  a fixed stagnation temperature ,  the mass  flow through 
2 

0 -8. -8- 

Therefore ,  i f  the mass flow is to  be 

Conversely, 
-0. 

F o r  this reason the 2. 5 mm nozzle was used for  all 

Minimum te s t  section p res su res  as  a function of stagna- 
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Wall Heating 

Figure 1 7  is a photograph of the electron b e a m  t ravers ing  the inside 

of the 5 mm nozzle through the outermost hole. 

s tances ,  all the kinetic energy of the electron b e a m  (1. 5 W) is intercepted 

by the nozzle surfaces ,  the local wall  t empera ture  may inc rease  by as much 

as 100°K (calculated value) i f  exposed continuously to  the beam. To prevent 

hot nozzle walls f r o m  influencing the measurements ,  only one density scan  

o r  temperature  determination was performed a t  a time. 

was then immediately turned off (o r  the nozzle was moved out f r o m  under i t ) ,  

and a high mass flow ( > 1 g/min)  of nitrogen was passed through the nozzle 

for  a minimum period of 10 minutes, to  bring the wall t empera tures  back to  

the adiabatic equilibrium values before proceeding with the next measurement.  

The 10  minute interval was found to  be more  than adequate, s ince variations 

in  the cooling t ime produced no change in the gas  tempera tures  measured 

n e a r  the wall. 

Since, under these  c i rcum-  

The electron beam 

Current  Measur e ment 

The electron cur ren t  entering the nozzle inter ior  was generally 

l e s s  than half the original beam curren t  leaving the gun, because a fraction 

of the beam was stripped off a t  the hole in the top wall of the nozzle. 

knowledge of the electron cur ren t  a t  the point of measurement  is not 

necessary  f o r  tempera ture  determinations. However, in order  to con- 

ve r t  beam intensity to gas  density an effective value of the local beam cur ren t  

must be known. 

gas  densi t ies  inside the nozzle. 

emission of electrons a t  the nozzle sur faces ,  the cu r ren t  indicated by the 

bottom half of the nozzle is  generally not equal to the effective number flow 

of high energy electrons through the volume of observation. 

reason,  the sum of cur ren ts  intercepted by both nozzle halves was found to  be 

lower than the original beam cur ren t  (measured with the collector cup). 

discrepancy varied with beam position in the nozzle, but was never m o r e  

than 20% of the undisturbed beam curren t .  

A 

This requirement poses a problem for the measurement  of 

Due to backscattering and secondary 

F o r  the same 

The 
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Calibration and Data Reduction 

To  re la te  measured cur ren ts  and beam intensit ies to  local g a s  

densi t ies ,  a separa te  calibration study was made under uniform density 

conditions. 

were  filled with nitrogen to  a specific p r e s s u r e  level  (between 10 and 1 0 0 ~  

Hg), and the total  beam curren t  was measured with the Faraday  cage. The 

nozzle was  moved into position for the electron beam to enter  one of the 

holes in the nozzle wall. 

as a function of distance along the beam. At the s a m e  t ime  the cur ren ts  

intercepted by the nozzle halves were  measured. This procedure was 

repeated for each hole and for several  density levels. 

constant-density scan  obtained at a p res su re  of 5 0 ~  Hg is presented in 

Fig. 18A. 

In these  experiments the tes t  section and stagnation chamber  

t The beam luminosity ( 0 - 0  band of N ) was recorded 2 

A sample of such a 

The recorded profile indicates that  the luminosity along the beam 

va r i e s  with position. 

beam is intercepted, a t  the top outside and the bottom inside walls,  is 

caused by backscattered and secondary electrons with energies  above the 

1 9  eV required to  excite the first negative sys t em of N 

the in te rna l  luminosity profile was found to  be relatively insensit ive to  gas  

density, which indicates that the electrons involved in the excitation process  

have considerably higher energies than 19 eV,  

The increased radiation nea r  the points where the 

The shape of 2 '  

This situation made it possible to  obtain density profiles for nozzle 

flows by dividing the recorded intensity profile by the constant-density 

luminosity curve (Fig. 18B). All  density c ross -sec t ions  determined in this 

way w e r e  symmetr ica l  with respect  t o  the nozzle centerline; a fact, which 

substantiates the validity of this procedure. 

shape of a density profile, an  absolute value of the centerline density was then 

determined by relating it to  the known ambient density outside the nozzle. 

The procedure makes use  of the measured cu r ren t  ra t io  and the constant- 

density calibration of luminosity versus measured b e a m  current .  

description of this procedure is indicated in the equation on top of Fig. 18B. 

The las t  t e r m  of this equation converts y c / y m  to  pc /yo . If the measured 

Having established the relative 

A detailed 
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curren t ,  J i ,  inside the nozzle w e r e  equal t o  the effective b e a m  cur ren t  there ,  

the product of the first and th i rd  t e r m s  would give the c o r r e c t  value of $/p, . 
The second t e r m  is a correct ion for  the measured cu r ren t  ratio,  J, / Ji, 

and is obtained f r o m  the constant density calibration. 

c lose  to  unity and  ranged f r o m  0.85 for the outermost hole to  1. 15 for  the 

hole nea res t  the throat. 

the  gas  flow does not influence the cur ren t  measurements .  

such influence may exist, however, since the measured cu r ren t s  include 

small contributions due to  charges  collected f r o m  the beam-created plasma 

cloud, the spatial distribution of which is a function of flow velocity. 

This t e r m  was always 

In this method of data reduction it is assumed that 

In prac t ice  some  

Based on the uncertainties in the measured cu r ren t s ,  the remaining 

e r r o r  in the absolute values of the experimental  densit ies is estimated to  be 

l e s s  than t 10%. 

subject to  a smal le r  uncertainty ( L 5%) and a r e  limited only by the finite 

spatial  resolution of the probe. 

The relative densit ies within a given flow cross-sec t ion  a r e  - 
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IV. RESULTS AND DISCUSSION 

Tempera ture  and density measurements  were  made throughout the 

flow inside the tes t  nozzles, using nitrogen a t  a stagnation t empera tu re  of 

T 

obtained by varying the p re s su re ,  po , in  the stagnation chamber.  

stagnation chamber  p re s su res  required f o r  a specific value of B 

= 300°K. A range of nozzle Reynolds numbers  (100 L B L 1500) was 

The 
0 

a r e  given 

by 

p 0 = B/166 t o r r ,  fo r  the 5 mm nozzle, ( 8 )  

and by 

p 0 = B/83  t o r r ,  for  the 2.5 mm nozzle. (9)  

A representat ive selection of these measurements  i s  presented in Figs ,  19 
to  30. 

p re s su re  (p, = 2 t o  10 p Hg) was always lower than the jet p re s su re  at the 

nozzle exit, so that the plume s were  unde rexpanded. 

In the first se r i e s  of t e s t s  care  was taken to  ensure that the ambient 

1. Centerline Tempera ture  

Tempera ture  measu remen t s  at points on the centerline of the noz- 

zle show a consistent pattern of change with Reynolds number (Fig,  19). 
cept fo r  the two lower curves a l l  data in Fig. 19 a r e  experimental. The 

lower curve represents  the ideal expansion, based on inviscid theory and 

the actual a r e a  change in  the nozzle. A s  expected, the departure f rom 

inviscid theory becomes greater  the smaller  the Reynolds number. 

experimental  e r r o r  b a r s  in Fig. 19 are  random e r r o r s  only and a r e  based 

on the signal-to-noise ra t io  in the rotational spectra.  

Ex- 

The 

Two distinctly different types of behavior a r e  observed. 

B > 500 the axial  t empera tu res  decrease monotonically f rom throat  to  noz- 

zle exit. F o r  B 4 300, on the other hand, the tempera tures  pass  through a 

minimum near  z = 6r:% and then increase again towards the nozzle exit. 

The t empera tu re  increase is the result of thermalization of the flow energy 

F o r  
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due to viscous dissipation. It mus t ,  therefore ,  be accompanied by a dec -  

r e a s e  in velocity and Mach number. F o r  B = 110 the tempera tures  d e t e r -  

mined near  the exit lie above the sonic conditions for adiabatic flow. If 

c r o s s  -streamline heat conduction is considered to be of relatively minor 

importance in  this region, then the flow emerging f rom the nozzle m a y  be 

regarded as  subsonic. Hence, the flow in this c a s e  expands in the normal  

manner  to supersonic velocities jus t  downstream of the throat (M * 1 .8  a t  

z = 5r*),  but then rever t s  back to subsonic flow in a viscous shock-free 

transition. This type of behavior was predicted by Rae6 fo r  this Reynolds 

number,  and the observation of this phenomenon represents  strong support 

f o r  the validity of the slender -channel formulation. 

A direct  comparison of experiment with theory i s  given for  B = 1230. 

The theoretical  curve,  which was calculated for  the present  nozzle geometry 

with the computer program developed by Rae, indicates agreement  between 

experiment and theory to  within 370. 
with the program when it was applied to  the present  nozzle geometry and a 

Reynolds number of B = 110. 

substantiation of the s lender  -channel predictions is possible a t  this  Reynolds 

number,  since the B = 110 solution presented by Rae' was computed for  a 

15 expansion cone. 

Computational difficulties were  experienced 

At the present  t ime,  therefore ,  only a qualitative 

0 

The temperature  r i s e  observed a t  low Reynolds numbers should not 

be interpreted as  a compression wave, since the experimental  density and 

p res su re  a r e  decreasing in this region of the expansion (Figs.  21 and 22) .  

It, therefore,  cannot be attributed to an upstream effect of the ambient gas. 

A s  wil l  be shown la te r ,  the basic shape of this tempera ture  profile is not 

altered by the external gas p re s su re ,  a s  long a s  the plume remains under- 

expanded (po/p,  >, 250). The slowing down of a supersonic channel- 

flow to  subsonic speeds by viscous shea r  forces  alone has  not been previously 
observed. The phenomenon i s  not altogether new, however, s ince such a 

transit ion takes place in all supersonic compressible  boundary layers .  

In a nozzle it is associated with a frictional choking of the flow, insofar  as 

a dec rease  in ambient pressure  will not increase  the mass flow passed by 

the nozzle, even when the ent i re  flow is subsonic. 
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C enterline temperatures  at  the nozzle exit i nc rease  with decreasing 

Reynolds number in  the manner shown in Fig.  20. 

of T E / T  

fur ther  f rom 1000 to 100, however, TE/To increases ,  f rom 0 . 2  to 0 .9 ,  
and presumably remains close to unity for a l l  values of B l e s s  than 100. 

This experimental  temperature  curve  suggests subsonic exit Mach numbers  

fo r  Reynolds numbers below 150. 

F o r  B > 1000 the value 

A s  B dec reases  is only slightly grea te r  than the inviscid value. 
0 

2. Tes t  for Rotational Freezing 

The possibility of rotational nonequilibrium occurr ing in low-density 

nozzle flows should be considered when the measured rotational temperatures  
26, 27 a r e  used to infer translational temperatures  in the gas. 

relating to  rotational nonequilibrium in f r e e  je t s  of nitrogen expanding f r o m  

room tempera ture ,  has  indicated that the point at which rotational freezing 

occurs  can  be predicted approximately by assuming a "sudden-freezing 

cr i ter ion" of the form 

Previous work, 

so that,  for  steady one-dimensional flow near  the axis ,  the rotational degrees  

of freedom can  be considered in equilibrium i f  

the molecular collision frequency, "'col Here ,  u is the local flow velocity, 

Z the rotational collision number , and T the equilibrium temperature  calcu- 

lated by neglecting relaxation effects,  

enables Eq. (10) to  cor rec t ly  predict  the onset of rotational freezing observed 

in f r ee  je t s .  A value of Z = 5, in agreement with ultrasonic absorption 

experiments 2 8 y  29 and shock wave datal3 for  room-temperature  nitrogen, 

has been used he re  for  the rotational collision number. 

r 
The factor of 1/2, which has  been included, 

10 

r 
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F o r  nozzle flows the inequality (11) can be rewri t ten a s  
m 

where M is the local Mach number and the 2 's  a r e  slowly varying 

functionsSO of temperature ,  describing the deviation of viscosity c r o s s  - 
sections f rom r igid-sphere c r o s s  -sections. 

Equation (12 )  can now be applied to the experimental  conditions of 

the present  program to test fo r  the possibility of rotational freezing in  the 

expansions, provided the equilibrium tempera tures  can be  estimated. These 

a r e ,  of course,  different f rom the measured tempera ture  i f  rotational freezing 

occurs .  

gradients,  then Eq. (12)  indicates the possibility of rotational freezing f o r  

B L 3 0 0 .  This is too seve re  a tes t ,  however, because the actual gradients 

in the equilibrium temperature  a r e  bound to be l e s s  than the inviscid 

gradients.  

If the isentropic curve  in Fig. 19 is used to define the tempera ture  

A more  realist ic procedure i s  based on calculating approximate 

equilibrium temperatures  f rom the measured densit ies by means of the 

isentropic law.  

inspecting the entropic equation of s ta te ,  a differential  form of which is 

This method provides a valid tes t ,  a s  can  be seen  by 

In the expansion, temperature  and density gradients a r e  both negative, 

whereas the entropy gradient, dS/dz, is positive. Hence, f o r  a given 

density gradient, the absolute value of the tempera ture  gradient becomes 

smal le r  the more entropy there  is produced along unit length of s t r e a m -  

line. Neglect of the entropy production t e r m ,  therefore ,  tends to over -  

es t imate  the magnitude of the temperature  gradient, s o  that this method 

provides a conservative t e s t  for a possible rotational nonequilibrium. 

based on the use of Eq. (13) with dS = 0 indicated that rotational freezing 

effects a r e  negligible for any of the flows described here .  

Tes t s ,  

3. Centerline Densities and P r e s s u r e s  

Experimental  centerline densit ies,  pC , corresponding to conditions 

discussed in  Fig. 19 a r e  given in Fig. 21. Again, there  is evidence of two 
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di f fe ren t  types of behavior. Densities for B 7 500 dec rease  in the expected 

manner  (note theoretical  curve fo r  B 1230) a t  a slower ra te  than predicted 

by inviscid theory. 

ably s teeper  and exceeds the inviscid gradient near  the nozzle exit. 

densit ies should d rop  m o r e  rapidly in a m o r e  viscous flow can  be under-  

stood by rewrit ing Eq. (13) in  the form 

F o r  BL 200 the negative density gradient is  consider-  

That 

The r a t e  of entropy production along the centerline can be expected to be 

g rea t e r  the lower the Reynolds number because of the increased viscous 

effects. Equation (14),  therefore ,  predicts that  for comparable p re s su re  

gradients the density has to dec rease  faster at the lower Reynolds numbers .  

F o r  B = 590, density measurements  were  obtained with the 2.5 mm 

nozzle a s  well as with the 5 mm nozzle (Fig.  21), and the experimental  

values of q e / p O  were  found to be independent of nozzle s i ze  and nozzle 

p r e s s u r e  ratio ( p  /pa ). 

that  t he re  is no pronounced difference in the flow when p / p m  is raised 

f rom 300 to 1200. 

vations apply also to nozzles exhausting into a complete vacuum ( p  /p -. 00 ). 

This confirms that the resul ts  scale  with B, and 
0 

0 
The la t ter  is an indication that the experimental  obse r -  

0 0 0  

A l l  density measurements  were obtained at points where the gas 

p re s su re  w a s  below 0.3 t o r r ,  and no corrections have been applied to 

compensate for  possible collisional quenching of the electron beam 

luminescence. 

1230 m a y  be approximately 10% low due to collisional quenching. 

quenching effects a r e  considered negligible for  all other values of B. 

sible random e r r o r s  in the centerline densit ies a r e  a l so  of the o rde r  of 

* l O % ,  owing to the limited accuracy with which the beam curren ts  were  

known (Section 111). 

Density values measured near  the throat for B = 590 and 

Collisional 

Pos- 

Centerline p re s su res  were derived f r o m  the measured temper  - 
a tu res  and densit ies by making use of the equation of s ta te  for a perfect 

gas. 

(dotted l ines)  in Fig. 22. F o r  the low Reynolds numbers the axial  p r e s s u r e  

profiles appear  to converge to an  asymptotic l imit ,  a t  which the normalized 

p res su res  become independent of B. 

These p re s su re  curves (solid lines) a r e  compared with theory 

The full significance of this behavior 
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is  not c lear  at this  t ime. 

limit a t  B L 100 r ep resen t s  a fully viscous,  near - i so thermal ,  subsonic,  

nea r  - f ree-molecular  duct flow. 

A l l  measu remen t s  indicate, however,  that  this 

4. Off-Axis Measurements  

Measured rad ia l  densi ty  profiles at four different Reynolds numbers  

and at various axial  positions a r e  displayed in  F igs .  23 to 26. Exper i -  

menta l  densit ies have been made dimensionless  through division by the 

center l ine density at each par t icular  axial position, z / r* .  

r , is measured in units of the rad ia l  dis tance to the wall, rw . 
numbers  of B = 110 (Fig.  23) and B = 175 (Fig.  24) the normalized density p ro -  

f i l e s  a r e  approximately independent of axial position. 

to be s imilar  in  this manner ,  it is  required that  a t  every  c ros s - sec t ion  

d L ( ~ / ~ . ) / d ( z / l . , )  i s  approximately the s a m e  for all s t reaml ines .  If the 

p r e s s u r e  profiles a r e  assumed to be s imi l a r  as well (cer ta inly t r u e  in the 

slender-channel approximation),  then i t  i s  evident f rom Eq. (14) that  the 

r a t e  of entropy production along s t reaml ines  i s  near ly  constant over  each 

cross-sect ion.  

F o r  B = 110 the wall densit ies a r e  approximately 6Oy0 of the center l ine  

densi t ies .  

Radial  dis tance,  

A t  Reynolds 

F o r  the density prof i les  

This may be used as a definition of a "fully viscous" flow. 

The corresponding value for B = 175 i s  4570. 

In cont ras t  to the behavior observed at ve ry  low Reynolds numbers ,  

the rad ia l  density profiles for  B = 590 display a marked d iss imi la r i ty  

(Fig.  25). 

this ca se .  This  inviscid co re ,  however, shr inks  to ze ro  by the t ime the 

flow reaches the nozzle exit. 

center l ine is only significant near  the exit of the nozzle, 

entropy production along a s t reaml ine  nea r  the wall is important  through- 

out the length of the nozzle. 

s t reaml ine ,  Eq. (14) then predicts  that  the densi ty  at the cen te r  should 
d e c r e a s e  at a s lower r a t e  than the density nea r  the wall. 

d i s s imi l a r  density profiles in  agreement  with the observed ones.  

Near  the throat a t  z / r *  = 3.7 a small inviscid c o r e  exis ts  in  

H e r e  the entropy production along the 

In cont ras t ,  the  

F o r  s imi l a r  p r e s s u r e  h is tor ies  along each 

This produces 
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Two of the density profiles for B = 590 have been determined with 

At z / r *  = 13.7, the profile obtained in the two different  nozzles (Fig. 15). 

5 mm nozzle (solid curve)  is identical with that obtained in the 2.5 mm 

nozzle (broken curve)  when allowance is  made  for the difference in  spatial  

resolution (Fig. 25). The corresponding profiles a t  z / r>% = 3.7, however, 

show a discrepancy, which cannot be entirely explained by the difference in  

spatial  resolution. 

differences in the wall contours a t  the throat f o r  the two nozzles. Since the 

throat  regions were difficult to machine, and since the wall curvature  a t  the 
throats  could not be measured accurately,  i t  is possible that the longitudinal 

throat  radi i  of the nozzles were  not similar. 

It is believed that the discrepancy a r i s e s  f rom sma l l  

Experimental  and theoretical  density profiles shown in Fig. 26 

indicate that, a t  Reynolds numbers above 1000, an  inviscid c o r e  pers i s t s  

t o  the nozzle exit. 
6 computer program based on the slender -channel formulation . 

position of z = 8.7r , ,  the theoretical  and experimental  density profiles show 

good agreement.  

and experiment can be explained by the finite spatial  resolution of the 

experimental  measurements .  

i ca l  and experimental  profiles exist, however, a t  other values of z / r + .  

This i s  an  indication that not all peculiarities of low-density nozzle flows 

a r e  fully taken into account by the theory. 

The theoretical  curves have been obtained with a 
A t  an  axial  

-r 

A t  this position, most  of the discrepancy between theory 

Significant differences between the theoret-  

The experimental  profile nearest  the throat  exhibits a density 

ridge near  r / r  

axis (Fig.  26). 
originating at the throat. 

31 observation 

c i r cu la r - a rc  throats.  

pected, but it is  possible that a viscous compression wave may be generated 

a t  a point where the wall curvature  changes too abruptly. 

= 0.5, where the measured density is higher than on the 

The density hump m a y  indicate a weak compression wave 
W 

This interpretation is supported by the recent  

of internal shock waves in high-pressure conical nozzles with 

A t  low densities such shock waves would not be ex- 

F o r  a l imited number of experimental t e s t s ,  performed in the 5 m m  

nozzle, s ta t ic  temperatures  were  determined at off-axis points a s  well a s  on 
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the centerline.  

the centerline value to a gas temperature  a t  the wall which is approximately 

0 .8  To (Fig.  27). 

Rae 

profile for  B = 175 (Fig.  27) provides evidence f o r  the near- isothermal  

charac te r  of the flow at very low Reynolds numbers .  

The measured  tempera tures  increase monotonically f rom 

This value i s  in agreement  with predictions made by 
6 for an adiabatic wall with sl ip a t  the boundary. The radial  t empera ture  

P r e s s u r e s  calculated f rom the experimental  t empera tures  and 

densit ies a re  given in Fig.  28 for B = 590 and B = 175 and a t  a position 

z = 13.7r,. The normalized temperature  profiles a r e  not the exact inverse  

of the corresponding normalized density profiles,  s o  that the derived p r e s -  

s u r e s  a r e  not constant ac ross  the flow. In fact ,  the observed wall p r e s s u r e s  

a r e  3 0 7 ~  and 407~  below the centerline p re s su res  for B = 590 and B = 175, 

respectively. 

su re  gradients in the slender-channel theory should be revised in o rde r  to 

obtain a more accurate  description of the flow. 

This suggests that the basic assumption of zero  radial  p r e s -  

It may be noted that the radial  gradients of density, t empera ture  and 

p r e s s u r e  do not vanish at the wall. 

angle of 20' with respect  to  the normal  to  the boundary, sma l l  negative radial  

gradients a r e  expected near  the wall corresponding to  the radial  components 

of the tangential gradients. 

(Figs.  28 and 29) is consistent with a ze ro  normal  p r e s s u r e  gradient. 

the data indicate that t he re  exist  nonzero density and tempera ture  gradients 

in a direction normal  to  the "adiabatic" wall. 

charac te r  of the flow in this Reynolds number regime. The exac,t density 

gradients a t  the wall could not be determined because of the finite spatial  

resolution of the measurements  (horizontal ba r s  in Figs. 23 to  26). 

Because the radial  coordinate makes an  

The radial  p r e s s u r e  gradient observed a t  the wall  

However, 

This confirms the noncontinuum 

Normalized profiles of density, temperature  and p res  su re  obtained 

a t  a position close to the nozzle exit a r e  consistent with those determined 

fur ther  upstream. 

rat io  of 310 ( F i g .  2 9 ) ,  the wall p re s su re  near  the nozzle lip is 357c below 

the axial p ressure .  It is  of interest  here  that the je t  plume for this par t ic-  

ular  flow was the least  underexpanded one of this experimental  s e r i e s .  A t  

F o r  a Reynolds number of 590 and a nozzle p re s su re  
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the exit, the ambient p re s su re ,  pao , was below the p re s su re  a t  the center  
but was above the p re s su re  a t  the wall. 

distribution i s  thus evidently not caused by the low ambient p re s su re ,  

but may have to be considered a character is t ic  feature of low-Reynolds- 

number expansions in nozzles. To  check for possible flow separation in 

this case ,  the gas propert ies  near  the w a l l  were  determined along the 

length of the expansion cone (Fig. 30).  

detected. 

The observed radial  p r e s s u r e  

No evidence of flow separation was 

5. Effects of Ambient P r e s s u r e  

Microthrust  nozzles find applications in  f r ee  space,  yet have to be 

tested and flight-rated in the laboratory. 

with an enormous pumping capacity is available, it is difficult to maintain a 
- 3  high vacuum, when even a small  steady m a s s  flow ( l o - '  to 10 

accommodated. 

nozzle flows a r e  affected by non-zero ambient p re s su res ,  and how low this 

p re s su re  has to be for effective space simulation to be possible. At high 

Reynolds numbers ( 5 10 ) the supersonic portion of the flow fills a lmost  

the ent i re  cross-sect ional  a r e a  a t  the exit, apa r t  f rom a thin boundary 

layer ,  and the flow in the nozzle and i n  par t s  of the plume is effectively 

isolated f rom the ambient conditions by shock waves originating at the 

nozzle lip. 

whether the flow is highly underexpanded o r  slightly overexpanded. 

at low Reynolds numbers the supersonic region i s  often res t r ic ted  to a 

narrow co re ,  and external conditions a r e  able to influence the internal flow 

through the thick subsonic boundary layer. 

Unless a space simulation chamber  

g / s )  mus t  be 

It is therefore  of interest  to determine how low-density 

5 

Under these conditions the internal flow remains undisturbed, 

However, 

A brief survey of this problem was conducted by flow visualization 

of external plumes and by sample temperature measurements  in the nozzle 

and in the plume. 

po/p, , were  obtained by keeping p constant and changing pm . The 

ambient p re s su re  was varied by throttling the booster pump of the tunnel. 

A s e r i e s  of photographs obtained with the 5 mm nozzle and showing the 

plume s t ruc ture  for different nozzle pressure- ra t ios  is reproduced in 

F o r  a given Reynolds number,  different p re s su re  rat ios ,  

0 
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Fig.  31. The flow w a s  made  visible by the method d iscussed  in  Section 111. 

Regions of high luminosity r ep resen t  regions of re la t ively high gas  density. 

The nozzle i s  a t  the right,  and the flow is f r o m  right to left. 

and internal d i ame te r s  at the nozzle mouth a r e  48 mm and 42 m m ,  r e spec t -  

ively,  

and po/p, = 310. 

the whole nozzle, and the density in the plume drops  off gradually in all 

direct ions.  

e a r l i e r  for which tempera tures  and densi t ies  were  determined.  

The ex terna l  

Figure 31A shows a slightly underexpanded j e t  obtained at B = 450 

There  is v e r y  l i t t le s t ruc tu re  in this  je t .  The flow fills 

This  type of flow field i s  representa t ive  of all the flows d iscussed  

At a Reynolds number of B = 1550, a nozzle p r e s s u r e  ra t io  of 

approximately 300 is no longer sufficient to produce a n  underexpanded 

plume ( F i g ,  31B). H e r e ,  the relatively high ambient p r e s s u r e  (28 p H g )  

has  caused flow separat ion inside the nozzle. 

enveloped by a barrel-shaped shock wave, which or iginates  in  the expansion 

cone of the nozzle. As seen  f rom the beam luminosity,  the region su r round-  

ing the b a r r e l  shock appears  to be occupied by stagnant g a s  a t  the ambient  

p re s su re .  
point of flow separat ion moves fur ther  ups t r eam in  the nozzle ( F i g .  31C and 

D ) ,  and the plume shows a repeti t ive pat tern of expansion diamonds, which 

shr ink  in size a s  p / p  dec reases .  In Fig.  31D the f i r s t  diamond is 

ent i re ly  within the nozzle. 

pat tern of expansion diamonds occurs  only when the j e t  p r e s s u r e  at the 

plume origin i s  l e s s  than twice the ambient p re s su re .  

concluded that, for c a s e s  shown in Figs .  31B to 31D, flow separat ion occur s  

at a point where the static p r e s s u r e  in  the flow has dropped to a value of 

approximately 2p, . 
superfluous and has  no influence on the j e t  plume, s ince the flow does not 

follow it.  

The supersonic c o r e  i s  

A s  the ambient p r e s s u r e  i s  increased  ( p  /pm dec reased ) ,  the 
0 

0 0 0  

The work of Love e t  al. 21 has  shown that this 

Hence, it is 

F r o m  this point on the presence  of the nozzle wall is 

To obtain m o r e  quantitative da ta  of the observed plume config- 

urat ions,  density profiles were  recorded for selected positions in two 

plumes of distinctly different s t ruc ture .  In Figs .  32 and 33 these density 
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profiles have been arranged in the proper sequence and in  line with c o r r e s -  

ponding positions in  a photographic record of the s a m e  jets. 

the nozzle p re s su re  ratio is jus t  over 300. 
F o r  both je ts  

At a Reynolds number of 590 (Fig. 32) the j e t  is underexpanded with 

respec t  to the centerline p re s su re ,  but slightly overexpanded with respec t  

to the wall p re s su re  a t  the exit. 

any shock waves in this plume, and the recorded density profiles have a 

single peak, shich dec reases  with downstream distance,  z ' ,  f rom the nozzle 

mouth ( z '  = 0) .  

c r o s s  -sections determined just  inside the nozzle (Fig.  25). 

Nevertheless,  there  exists no evidence of 

These profiles form a consistent extension of the density 

At a Reynolds number of 1550 (Fig.  33), the density profiles in 

the plume a r e  doubly peaked and indicate the presence of a barrel-shaped 

shock, which is representative of an underexpanded f r e e  je t  (compare with 

Fig. 13). 

z '  = 24r,, where the centerline density i s  m o r e  than twice the density at 

the nozzle exit ( s ee  axial  density profile above photograph in Fig. 33). This  

par t icular  plume has a l ready been discussed in connection with Fig. 31B and 

is typical of the je t s  for which high back p res su re  has  caused separation 

inside the nozzle. 

above the centerline p re s su re  a t  the exit. 

boundary layer  there  apparently exists no way in which these low-density 

j e t s  can  be overexpanded in the conventional sense.  A s  soon as the ambient 

p re s su re  exceeds the jet p r e s s u r e  a t  the nozzle exit, back-pressure  effects 

cause flow separation inside the nozzle to produce a slightly underexpanded 

f r ee  je t  with the character is t ic  barrel-shock configuration. 

shocks have also been observed inside nozzles by Yevseyev 

conditions. 

This b a r r e l  shock converges to a single density peak a t  

It may be noted that in this c a s e  the ambient p re s su re  is 

Because of the thick subsonic 

Such b a r r e l  

under similar 3 

It has been demonstrated here ,  that  the maximum nozzle p r e s s u r e  

ratio,  po/p, , which can be achieved in a given low-density facility, is of 

pr ime importance for the testing of microthrust  nozzles operating in the 

low-Reynolds number regime. 

for the nozzles tested he re ,  these maximum pres su re  rat ios  have been 

F o r  the tunnel described in Sec. 111, 1 and 
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plotted as a function of B i n  Fig. 34. The advantage of decreas ing  the 

nozzle s ize  to obtain higher p r e s s u r e  rat ios  i s  immediately evident. A 

d e c r e a s e  of the throat  d iameter  by a fac tor  of 1 / 2  inc reases  the maximum 

p r e s s u r e  ratio by a factor of four at a specified Reynolds number.  

Besides showing the "external" p r e s s u r e  rat io ,  po/p, , f o r  the 

two nozzles, Fig.  34 a l so  gives the experimentally determined "internal" 

p r e s  s u r e  ra t ios ,  ( po / pw)EXIT 
g a s  p re s su res  a t  the wall and on the center  of the je t ,  respectively.  

that  these two quantit ies,  measured  with two different nozzles and at dif-  

fe ren t  values of p /p, , fall on two sepa ra t e  but continuous curves .  

gives additional support  to the previous observation, that  the in te rna l  gas  

p r e s s u r e s  near  the exit a r e  not affected by the ambient conditions as long 

a s  the plume i s  underexpanded, and that under these conditions the wall 

p r e s s u r e  at the exit is up to 40% lower than the center l ine p re s su re .  

underexpanded conditions can be achieved with the 5 mm nozzle only for 

B L 350, whereas the 2 . 5  mm nozzle can  be operated at underexpanded p r e s s u r e  

rat ios  up  to B NN 2000. 

where p and p r ep resen t  and (P,/P,)EXIT' W C 
Note 

This 
0 

True ly  

Flow-visualization photographs (F igs .  35 A ,  B, C )  of plumes 

produced by the 2.5 m m  nozzle with high nozzle p r e s s u r e  rat ios  ( p  / p  

1000)  exhibit again the r a the r  fea ture less  "supersonic" underexpanded plumes,  

which a r e  quite different f rom those studied by Love e t  a l .21  a t  higher 

Reynolds numbers.  

dis tance of 11.5 c m ) .  

(po/p, 
j e t  in Fig.  31C, which was obtained with the 5 mm nozzle. 

the plumes of these two j e t s  a r e  a l so  v e r y  similar, both showing flow 

separat ion well inside the nozzle. 

0 00- 

(The lengths of the photographs r ep resen t  an  actual  

The Reynolds number (B = 1230) and p r e s s u r e  ra t io  

= 190) for  the plume in  Fig.  35D a r e  similar to conditions for  the 

Accordingly, 

When the center l ine t empera tu re  near  the nozzle exit (T  ) is E 
monitored as  a function of p /pm 

observed. The point of observation, E ,  lay one throat  d iameter  downstream 

of the nozzle exit. 

Reynolds number of 590. 

with respect  to the center l ine p r e s s u r e  a t  the exit ( p  /pa>  200), no change 

, the behavior shown in  Fig.  36 is 
0 

The lower cu rve  in Fig.  36 was obtained a t  a nozzle 

In the region where  the plume is underexpanded 

0 
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in  TE i s  observed when p /pa, i s  changed f r o m  lo00  to 200. 

of p r e s s u r e  rat ios ,  the ambient pressure  has ,  therefore ,  little o r  no 

influence on the expansion in the nozzle. 

however, T r i s e s  and falls in a cyclic manner ,  which cor re la tes  with 

the observed plume patterns described above. 

r i s e s ,  the shrinking diamond pattern moves through the point E .  

this point l ies  within the first diamond; a t  B and C it l i es  inside the second 

In this range 
0 

A s  po/p, i s  decreased  fur ther ,  

E 
A s  the ambient p re s su re  

At A 

and third expansion cel ls ,  respectively. Eventually, a s  po/p, approaches 

unity, the flow remains subsonic throughout the nozzle, and TE approaches 

T .  
0 

This cyclic 

regime. At B = 175 

is decreased PO/PUJ 

behavior i s  not observed in the fully viscous flow 

the exit temperature increases  monotonically as 

f r o m  10 3 to below 10. Most of the change occurs  for 
9 
L p r e s s u r e  rat ios  between 10 and 10. However, even for underexpanded 

p res su re  rat ios  (pO/pw =- 200)  a possible small variation of TE with 

was observed for the two different nozzles. These measurements  P O k  
indicate that there  exists a possible upstream influence due to the ambient 

p r e s s u r e  a t  ve ry  low Reynolds numbers. 

influence, axial  temperatures  were  measured throughout the nozzle a t  

s eve ra l  p re s su re  ratios.  

To investigate this upstream 

F o r  B = 175 such measurements  were performed for p re s su re  

rat ios  ranging over m o r e  than an order  of magnitude f rom 90 to 930 ( F i g .  3 7 ) .  

Most of the adjustment in the axial temperatures ,  over the "underexpanded" 

range of p re s su re  rat ios ,  was found to take place outside the nozzle; although 

some influence i s  observed at points which l ie severa l  molecular mean 

f r e e  paths inside the nozzle. 

curve  remains  unaltered, however, so  that the profiles in Fig. 19 can indeed 

be considered a s  representative for the ent i re  underexpanded range. 

measurable  change in any of the centerline temperatures  w a s  observed for 

B = 590 as po/p, was varied by a factor of four (Fig.  37). 

6. Discharge Coefficients 

The fundamental shape of the temperature  

N o  

Measured m a s s  flow ra tes  were used to calculate discharge 

coefficients, CD,  for the nozzles and flow conditions studied. The discharge 
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coefficient f o r  a nozzle is defined as the ac tua l  mass flow divided by the 

idea l  inviscid m a s s  flow. 

function of B in  F i g .  38. 

imately 0 .75  at B = 100. 

contains discharge coefficients predicted by Rae 

experimental  values by Mass i e r  e t  al. 

a n  approximate agreement  among the data. 

possible,  however, because the nozzle configurations and operating conditions 

were  all different. Table 2 lists the significant p a r a m e t e r s  which a re  n e c e s s a r y  

to define the nozzle geometry and flow conditions. 

Reynolds number,  and p r e s s u r e  ta r io ,  this table specifies wall  angles for 

the subsonic and supersonic sect ions,  e l  and 0 

curva ture  , 
supersonic  expansion cone. 

The values of CD obtained a r e  plotted as a 

These  range f r o m  0.9 at B = 1000 to approx-  

In addition to the present  values ,  the d i ag ram a l so  
6 and previous 

and by Milligan'. T h e r e  exis ts  

Specific compar isons  a r e  not 

Besides  throa t  d i ame te r ,  

the longitudinal radius  of 

at the throa t ,  and the maximum a r e a  ra t io ,  AE/A,,, in  the 
2'  

rL ' 

It should be noted that previous experimental  da ta  were  obtained a t  

re la t ively small  wall angles (e  
p r e s s u r e  ratio for a choked nozzle flow is not expected to a f fec t  C 

Reynolds numbers.  At B L 500, however, some  influence of p / p  on 

C 

measurements  may well be due to the difference in the experimental  p r e s s u r e  

rat ios .  

= 10') and a t  v e r y  low p r e s s u r e  rat ios .  The 
2 

at l a rge  D 

0 0 0  

would be expected. The deviation of the present  data  f rom Milligan's D 
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V. SUMMARY 

The electron-beam technique has been extended to the study of 

internal nozzle flows a t  Reynolds numbers between 100 and 1500. 

measurements  of gas temperature  and density were  made in nozzles which 

have a relatively sharp  throat  and a conical supersonic section with a 20"  

wall angle.  

behavior, each character is t ic  of a particular Reynolds number range. 

Point 

The expanding flows were  found to exhibit two different types of 

F o r  B 500 a small  inviscid core  was found to exis t  in the flow. 

This c o r e  extends to  the nozzle exit a t  Reynolds numbers  approaching 

1000. In this range of By centerline temperatures  dec rease  monot- 

onically f r o m  the throat to  the exit, and the axial  density and p r e s s u r e  

gradients become l e s s  steep with lower Reynolds number.  Radial density 

profiles a r e  d iss imi la r  along the length of the nozzle, because the ra te  of 

entropy production is l e s s  near  the axis than it is near  the wal l .  

F o r  B L 300 the flow is  fully viscous with no indication of any isen- 

tropic core .  Centerline tempera tures  first decrease ,  but then increase 

again towards the nozzle exit. The increase in temperature  i s  brought about 

through conversion of directed flow energy into thermal  energy by the action 

of the viscous shea r  s t resses .  Density and p res su re ,  however, dec rease  
in the region where the tempera ture  rises. In fact, a t  these values of B, the 

centerline densit ies fall  off fas te r  with distance than they do a t  higher 

Reynolds numbers.  

flow, the radial  density profiles a r e  approximately s imi la r  throughout the 

nozzle. 

of B for  Reynolds numbers below 100. F o r  B 100, t empera tures  measured  

a t  the exit indicate subsonic flow, even though supersonic flow exis ts  fur ther  

ups t ream.  

embedded in the expanding flow a t  this  Reynolds number.  

Owing to the uniform production of entropy a c r o s s  the 

Normalized axial p ressure  profiles appear to become independent 

6 This substantiates the prediction by Rae of a supersonic "bubble" 

Over the ent i re  Reynolds number range studied, significant negative 

radial  p r e s s u r e  gradients were  found to exis t  throughout the nozzle. 

conditions for which the flow near  the exit is underexpanded, these gradients 

Under 
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a r e  believed to be insensitive to  ambient p r e s s u r e  levels .  

per imental  w a l l  p r e s su res  a r e  approximately 30% lower than p r e s s u r e s  near  

the axis ,  whereas at  Reynolds numbers near  100  the wall p r e s s u r e s  a r e  40% 

lower.  

improved version of the theory. 

A t  B = 600,  ex- 

This  feature should be taken into account when formulating a new 

A survey of ambient -pressure  effects on the flow in the nozzle showed 

that flow separation occurs  well upstream of the nozzle exit when the external  

p r e s s u r e  exceeds the static je t  p r e s s u r e  near  the exit .  

tions, the plume resembles  that of a slightly underexpanded free je t  origi-  

nating a t  the point of separation in the expansion cone of the nozzle. When 

the ambient pressure  is l e s s  than the nozzle exit p re s su re ,  however, the gas 

propert ies  along the centerline appear to be insensit ive to  changes in the 

back pressure .  

sufficiently low ambient p re s su re  to ensure underexpanded exit conditions. 

For  B L 300 extremely low ambient p r e s s u r e s  may be necessary  to  eliminate 

a l l  back-pressure effects. 

Under these condi- 

Nozzles destined for space operation must  be tes ted a t  

The experiments discussed here  have produced a significant gain 

Predictions of in the understanding of viscous flows in nozzles and ducts.  

the slender-channel theory have been substantiated experimentally, and 
suggestions f o r  improving the theory have been made. 

The development of an accurate  theory is  essential  for the optimi- 

zation of micro thrus te rs ,  since a much wider range of nozzle geometr ies  

and flow conditions can  be studied by theory than is pract ical  experimentally. 

Nevertheless ,  additional experimental work i s  warranted in which the effects 

of different nozzle geometry (wall angle, throat  roundness, nozzle length) on 

the flow a r e  determined. The variations produced in nozzle performance by 

different gases,  by heated o r  cooled walls,  by wall transpiration, by radial  

swir l ,  o r  by species diffusion a r e  a l so  of pract ical  interest .  
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K ' = l  3 5 7 9 11 13 

Figure 1 ROTATIONAL FINE-STRUCTURE IN 
THE R-BRANCH OF THE 0-0 BAND 
OF THE N; (1-) SYSTEM AT TWO 
DIFFERENT TEMPERATURES, 
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Figure 4 LOW-DENSITY FLOW FACILITY 
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Figure 9 OPTICAL IMAGING AND SCANNING SYSTEMS (REAR VIEW SHOWING LINKAGE AND 
DRIVE MECHANISM FOR ROTATING MIRROR) 
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Figure 10 LOW-DENSITY TUNNEL WITH ELECTRON GUN AND 
OPTICAL INSTRUMENTATION 
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He 
P, = 50p Hg 

Figure 11 FREE JET PLUMES OF ARGON, HELIUM AND CARBON-DIOXIDE 

(po = 9.8 Torr) 
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Figure 12 NITROGEN FREE JETS 
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Figure 13 RADIAL DENSITY PROFILES AT VARIOUS AXIAL POSITIONS IN 
THE FREE-JET PLUME OF FIGURE 12A (r+ = 2.5 mm) 
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Figure 17 PHOTOGRAPH OF ELECTRON BEAM 
INSIDE NOZZLE 

6 3  



-00 

r--P RECORDED SIGNAL 
ELECTRON BEAM 

1, 
1, 

i 

L 

CORRECTED 

I 
I 

(A) CONSTANT DENSITY (B) DENSITY CROSS-SECTION 
CALIBRATION OF NOZZLE FLOW 

INTENSITY RATIO = 1; /I*- 

RATIO = J I /  J' 

MEASURED CURRENT 
MEASURED CURRENT RATIO = Ji /Jm 

a3 
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Figure 19 MEASURED GAS TEMPERATURES 
ALONG NOZZLE AXIS FOR MAX- 
IMUM NOZZLE PRESSURE 
RATIOS (p,/p 1 
OPEN SYMBOLS: 5 mm NOZZLE 
FILLED SYMBOLS: 2.5 mm NOZZLE 

00 
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OPEN SYMBOLS: 5mm NOZZLE, po/pooz 270 

FILLED SYMBOLS: 2.5mm NOZZLE, p0/p,=1200 
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Figure 21 CENTERLINE DENSITIES AT MAXI- 
MUM NOZZLE PRESSURE RATIOS 
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Figure 22 CENTERLINE PRESSURES DERIVED 
FROM MEASURED DENSITIES A N D  
TEMPERATURES (FIGS. 19 A N D  21) 
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Figure 27 RADIAL TEMPERATURE PROFILES AT z/r+ = 13.7 FOR TWO DIFFERENT REYNOLDS 
NUMBERS (po/pmcw 300) 

73 



1 .o 

0.8 

0.6 

0.2 

0 

- 

I I I I I 1 I I I 
0.5 

r/rw 

1 .o 

Figure 28 EXPERIMENTAL RADIAL PRESSURE PROFILES AT z/r+ = 13.7 FOR 
TWO DIFFERENT REYNOLDS NUMBERS (po/p,% 300) 
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Figure 29 EXPERIMENTAL VARIATION OF 
NORMALIZED TEMPERATURE8 
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EXIT (z/r* = 18.7). B = 590, 
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Figure 32 DENSITY PROFILES IN PLUME OF 5 m m  NOZZLE FOR B = 590 
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Figure 35 FLOW-VISUALIZATION PHOTOGRAPHS FOR 2-5 rnrn NOZZLE 
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Figure 37 EFFECT OF AMBIENT PRESSURE 
ON CENTERLINE TEMPERATURES 
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RAE (1969) - THEORY 
MASSIER ET AL. (1970) - EXPERIMENT 

0 MlLLlGAN (1964) - EXPERIMENT 
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NASA Headquarters  
Washington, D.  C .  20546 

NASA S c i e n t i f i c  and Technical  

P.0, Box 33 
College Park,  Maryland 20740 

Informat ion  F a c i l i t y  

1 M r  . Vincent L. Johnson 
Director,  Launch Vehicles  and Propuls ion  
Office of Space Science and App l i ca t ions  
NASA Headquarters  
Washington, D. C .  20546 

1 

1 

1 

Mr. George S.  Tr imble  
Director, Advanced Manned MiS8iOnS 
Code: MT 
O f f i c e  of Manned Space F l i g h t  
NASA Headquarters  
Washington, D. C.  20546 

Mr. A .  Gessaw 
Chief ,  Phys ics  of F l u i d s  Branch 
Office of Advanced Research and Technology 
NASA Headquarters  
Washington, D. C.  20546 

Mr. Leonard Robert8 
Mission Analysis  Div is ion  
NASA A m e s  Research Center  
Moffett F i e l d ,  C a l i f o r n i a  24035 

DESIGNEE 

0 

(X I  
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NASA FIELD CENTERS 

COPIES RECIPIENT 

2 A m e s  Resea rch  C e n t e r  
M o f f e t t  F i e l d ,  C a l i f o r n i a  94035 

2 Goddard Space F l i g h t  C e n t e r  
G r e e n b e l t ,  Maryland 20771 

2 Jet  P r o p u l s i o n  Laboratory 
C a l i f o r n i a  I n s t i t u t e  of Tech.  
4800 Oak Grove D r i v e  
P a s a d e n a ,  Ca l i fo rn ia  91103 

Langley  Resea rch  Center 
Langley  S t a t i o n  
Hampton, V i rg in i a  23365 

L e w i s  Resea rch  Center 
2 1000 Brookpark Road 
C l e v e l a n d ,  Ohio  44135 

M a r s h a l l  Space  F l i g h t  Center 
H u n t s v i l l e ,  Alabama 35812 

Manned S p a c e c r a f t  Center 
Houston, Texas 77058  

DESIGNEE 

H .  J. A l l e n  
Mission Anal .  D i v i s i o n  

Merland L. Moseson 
Code: 620 

Henry B u r l a g e ,  Jr . 
J. H. Rupe 

D r .  Floyd Thompson 
Director 

D r .  A .  S i l v e r s t e i n  
Director 
R.  J. Pr i em 
E. W. Conrad 

Hans G .  P a u l  
R .  J. Richmond 

D r .  Robert R.  G i l r u t h  
Director 
J. G. Thibodaux 

Western S u p p o r t  O f f i c e  Robert W. Kamm 
150 Pic0 Boulevard  Director 
S a n t a  Monica, C a l i f o r n i a  90406 

John F .  Kennedy Space  Center,  NASA D r .  K u r t  H. Debus 
Kennedy Space  C e n t e r ,  F l o r i d a  32899 Director 
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1 

1 
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, 1  

1 

1 
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RECIPIENT 

A e r o n a u t i c a l  System D i v i s i o n  
A i r  Force Systems Command 
Wrigh t-Pa t terson A i r  Force B a s e  
D a y t o n ,  O h i o  45433 

D .  L. Schmidt 
C o d e  : ASRCNC-2 

A i r  Force M i s s i l e  D e v e l o p m e n t  C e n t e r  Maj. R.E. B r a c k e n  
H o l l o m a n  A i r  Force B a s e  C o d e :  MDGRT 
New Mexico 

Air Force M i s s i l e  T e s t  C e n t e r  L. J. U l l i a n  
P a t r i c k  A i r  Force B a s e ,  Florida 

A i r  Force Systems D i v i s i o n  
A i r  Force U n i t  Post O f f i c e  
Los Angeles 4 5 ,  C a l i f o r n i a  

C o l .  C l a r k  
Technical D a t a  
C e n t e r  

A r n o l d  Engineering D e v e l o p m e n t  D r .  H. K. D o e t s c h  

A r n o l d  A i r  Force S t a t i o n  
Tullahoma, Tennessee 

C e n t e r  

B u r e a u  of N a v a l  Weapons 
D e p a r t m e n t  of the  N a v y  
Washington, D. C .  

C h e m i s t r y  R e s e a r c h  Laboratory 
B u i l d i n g  450 
Wright-Pat terson A i r  Force B a s e  
D a y t o n ,  O h i o  45433 

D e p a r t m e n t  of t h e  N a v y  
O f f i c e  of N a v a l  R e s e a r c h  
Washington, D. C .  20360 

H e a d q u a r t e r s  U. S .  A i r  Force? 
Washington, D. c. 
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J. K a y  
RTMS-4 1 

K. S c h e l l e r  
A R L  (ARC) 

R.  0. Jacke l  
C o d e :  4 2 9  

C o l .  C .  K. Stambaugh 
AFRST 



GOVERNMENT INSTALLATIONS 

COPIES RECIPIENT DESIGNEE 

1 Headquarters Research and L. Green,Jr. (RTGS) 
Technology Division 

Air Force Systems Command 
Bolling Air Force Base, Washington, D. C. 20332 

1 

1 

CP IA 

2 

- 

Picatinny Arsenal 
Dover, New Jersey 07801 

I. Forsten, Chief 
Liquid Propulsion 

Air Force Rocket Propulsion Lab. RPRR 
Research and Technology Division 
Air Force Systems Command 
Edwards, California 93523 

U. S. Atomic Energy Commission 
Technical Information Services 
Box 62 
Oak Ridge , Tennessee 

U. S. Army Missile Command 
Redstone Arsenal 
Huntsville, Alabama 35808 

U. S. Naval Ordnance Test Station 
China Lake, California 93555 

Air Force Office of Scientific 

Propulsion Division 
1400 Wilson Blvd. 
Arlington, Va. 22209 

Research 

Chemical Propulsion Information 

Applied Physics Laboratory 
8621 Georgia Avenue 
Silver Spring, Maryland 20910 

Agency 

A. P. Huber 
Oak Ridge; Gaseous 
Diffusion Plant 

W. W. Wharton 
AMSMI-RRK 

E. W. Price 
D. Couch 

B. T. Wolfson 

Neil Safeer 
T. W. Christian 
W. G. Berl 
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INDUSTRY CONTRACTORS 

COPIES 

1 

1 

1 

1 

1 

1 

1 

1 
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RECIPIENT 

Aerojet-General Corporation 
P. 0. Box 296 
Azusa, California 91703 

Aerojet-General Corporation 
P.O.  Box 15847 
Sacramento, California 95809 

Ae r ona u tron i c 
Philco Corporation 
Ford Road 
Newport Beach, California 92663 

Aerospace Corporation 
2400 East El Segundo Boulevard 
P.O. Box 95085 
Los Angeles, California 

Astrosystems International ,Inc. 
1275 Bloomfield Avenue 
Fairfield, New Jersey 07007 

Atlantic Research Corporation 
Edsall Road and Shirley Highway 
Alexandria, Virginia 23314 

Beech Aircraft Corporation 
Boulder Division 
Box 631 
Boulder, Colorado 

Be 11 Aerosys terns Company 
P . O .  Box 1 
Buffalo, New York 14205 

Bendix Corporation 
Bendix Systems Division 
3300 Plymouth Road 
Ann Arbor, Michigan 

9 0  

DESIGNEE 

L. F. Rohrs 

R. J. Hefner 
R. Stiff 

D. A .  Carrison 

0. W. Dykema 
W. C. Strahle 

A .  Mendenhall 

R. Friedman 

J.H. Rodgers 

Dr. Kurt Berman 

John M. Brueger 



INDUSTRY CONTRACTORS 

COPIES RECIPIENT 

1 Boeing Company 
P.O. Box 3707 
S e a t t l e ,  Washington 98124 

1 Chrys le r  Corporat ion 
Missile Division 
P.O. Box 2628 
D e t r o i t ,  Michigan 48231 

1 

1 

C u r t  i ss-Wright Corpora t i o n  
Wright Aeronaut ica l  Div is ion  
Wood-Ridge, New J e r s e y  0 7 0 7 5  

Dar t m o u  t h  U n i v e r s i t y  
Hanover, New Hampshire 0 3 7 5 5  

Defense Research Corporat ion 
P.O. Box 3 5 8 7  
Santa  Barbara ,  C a l i f o r n i a  93105 

Douglas A i rc ra f t  Company, Inc .  
M i s s i l e  and Space Systems Divis ion  
3000 Ocean Park Boulevard 
Santa Monica, C a l i f o r n i a  90406 

Dynamic Science Corporat ion 
1900 Walker Avenue 
Monrovia, C a l i f o r n i a  91016 

F a i r c h i l d  H i l l e r  Corporat ion 
A i r c r a f t  Missiles Divis ion  
Hagerstown, Maryland 

General Dynamics/Astronautics 
L ib ra ry  & Information Se rv ices  
Code: 128-00 
P.O. Box 1128 
San Diego, C a l i f o r n i a  92112 

?. General Electr ic  Company 
Re-Entry Systems Department 
3198 Chestnut Street  
P h i l a d e l p h i a ,  Pennsylvania 19101 

DES I GNEE 

J. D. Alexander 

John Gates 

G .  Kel ley  

P. D. McCormack 

B. Gray 

R .  W. H a l l e t t  
Chief Engineer 
Advanced Space Tech. 

D r .  K l i e g e l  
R. J. Hoffman 

J. S. K e r r  

F r a n k  D o r e  

F. E .  S c h u l t z  
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1 
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1 
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General Electric Company 
Advanced Engine & Technology Dept. 
Cincinnati, Ohio 45215 

Geophysics Corporation of America 
Technica 1 Division 
Burlington Road 
Bedforci, Massachusetts 01730 

Georgia Institute of Technology 
Aerospace School 
Atlanta, Georgia 30332 

Grumman Aircraft Engineering Corp. 
Bethpage, Long Island 
New York 

Ling-Temco-Vought Corporation 
Astronautics 
P.O. Box 5907 
Dallas, Texas 75222 

Arthur D. Little, Inc. 
20 Acorn Park 
Cambridge, Massachusetts 02140 

Lockheed California Company 
2555 North Hollywood Way 
Burbank, California 91503 

Lockheed Missiles and Space Company 
Attn: Technical Information Center 
P.O. Box 504 
Sunnyvale, California 94088 

Lockheed Propulsion Company 
P.O. Box 111 
Redlands, California 92374 

The Marquardt Corporation 
16555 Saticoy Street 
Van Nuys, California 91409 
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DES I GNEE 

D. Suichu 

A .  C. Toby 

B. T. Zinn 

Joseph Gavin 

Warren C. Trent 

E. Karl Bastress 

G. D. Brewer 

Y. C. Lee 

H. L. Thackwell 

w. P. Boardman, Jr. 



JNDUS TRY CONTRACTORS 

COPIES RECIPIENT 

1 Mar t in  Mar i e t t a  Corporat ion 
Bal t imore Div is ion  
Bal t imore ,  Maryland 21203 

1 

1 

1 

1 

1 

Martin M a r i e t t a  Corporat ion 
Denver Div is ion  
P.O. Box 179 
Denver, Colorado 80201 

DESIGNEE 

John Ca la thes  
Code: 3214 

J. D. Goodle t te  
Code: A-241 

Massachuset ts  I n s t i t u t e  of Tech. T. Y. Toong 
Department of Mechanical Engineer ing 
Cambridge, Massachuset ts  02139 

McDonald-Douglas A i r c r a f t  Company D r .  George Moc 
Astropower Div i s ion  D i r e c t o r ,  Research 
2 12 1 P a u l a r i n o  
N e w p o r t  Beach, C a l i f o r n i a  92663 

McDonnell Ai rcraf t  Corporat ion R. A .  Herzmark 
P.O. Box 516 
Municipal Airport 
S t .  L o u i s ,  M i s s o u r i  63166 

Multi-Tech. Inc .  
601 Glenoaks Boulevard 
San Fernando, C a l i f o r n i a  

N o r t h  American Avia t ion ,  Inc .  
Space & Information Systems Div. 
12214 Lakewood Boulevard 
Downey, C a l i f o r n i a  90241 

North  Amer ican  Avia t ion ,  Inc .  
ROCKETDYNE 
6633 Canoga Avenue 
Canoga Park,  C a l i f o r n i a  91304 

1 Northrop Space Labora to r i e s  
3401 W e s t  Broadway 
Hawthorne, C a l i f o r n i a  

F. B. Cramer 

D. Simkin 

E .  C .  C l inge r  
R. B. Lawhead 

D r .  W i l l i a m  Howard 

1 The Pennsylvania S t a t e  Un ive r s i ty  G .  M. Faeth 
Mechanical Engineering Department 
207 Mechanical Engineering Boulevard 
U n i v e r s i t y  Park,  Pennsylvania 16802 
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Poly technic  I n s t i t u t e  of Brooklyn 
Graduate Center  
Rou te  110 
Farmingdale, New York 

P r a t t  and whitney Aircraf t  
(Unitea A i r c r a f t  Corpora t ion)  
F lo r ida  Research and Development 
P.O. Box 2691 
West Palm Beach, F lo r ida  33402 

Pr ince ton  U n i v e r s i t y  
F o r r e s t a l  Research Center  
Guggenheim Labora to r i e s  
P r ince ton ,  New J e r s e y  08540 

Purdue Un ive r s i ty  
School of Mechanical Engineer ing 
L a f a y e t t e ,  Indiana 47907 

O n i o  S t a t e  U n i v e r s i t y  
Department of Aeronaut ica l  & 

Columbus, Ohio 43210 
A s t r o n a u t i c a l  Engineering 

Radio Corporat ion of America 
Ast ro-Elec t ronics  Div is ion  
P r ince ton ,  New J e r s e y  08540 

Republic Avia t ion  Corpora t ion  
Farmingdale , Long Is land 
New York 

Sacramento S ta te  College 
Engineering Div i s ion  
60000 J .  Street 
Sacramento, C a l i f o r n i a  95819 

Space General Corporat ion 
9200 Eas t  F l a i r  Avenue 
El Monte, C a l i f o r n i a  91734 

94 

DESIGNEE 

V. D. Agosta 

G .  D. Lewis 

I. Glassman 
D .  T .  H a r r j e  

J. R.  Osborn 

R.  Edse 

S. Fairweather  

D r ,  W i l l i a m  O'Donnel; 

F. H. Reardon 

C .  E. Roth 



I N D U b  i'nY CONTRACTORS 

COPIES RECIPIENT 

1 S tan fo rd  Research I n s t i t u t e  
333 Ravenswood Avenue 
Menlo Pa rk ,  C a l i f o r n i a  94025 

1 

1 

2 

1 

1 

1 

TRW i nco rpora t ed  
TRW Systems Group 
One Space Park 
Redondo aeach ,  C a l i f o r n i a  90278 

TRW Incorpora ted  
TAPCO Div i s ion  
23555 E u c l i d  Avenue 
Cleveland,  Ohio 44117 

Thiokoi Chemical Corporat ion 
Hun t s v i  1 l e  Divis ion  
H u n t s v i l l e ,  Alabama 

Thiokol Chemical Corporat ion 
React ion Motors Divis ion 
D e n v i l l e ,  New J e r s e y  07832 

United A i r c r a f t  Corporation 
Research Labora to r i e s  
400 Main Street  
Eas t  H a r t f o r d ,  Connecticut 06108 

United Technology Center 
587 Methilda Avenue 
P.O. Box 358 
Sunnyvale,  C a l i f o r n i a  94088 

DESIGNEE 

G .  Marxman 

G. W. Elverum 

P. T .  Angel:. 

John Goodloe 

Arthur  Sherman 

E r l e  Mart in  
D. H. Utvick 

R.  H. Osborn 

Un ive r s i ty  of C a l i f o r n i a  A .  K Oppenneim 
Department of Chemical Engineer ing 
6161 Etchever ry  H a l l  
Berkeley,  C a l i f o r n i a  94720 

U n i v e r s i t y  of California E. Starkman 
Department of Mechanical Engineer ing 
Therma 1 Sys terns 
Berkeley,  California 94720 
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University of Michigan 
Aerospace Engineering 
North Campus 
Ann Arbor, Michigan 48104 

DESIGNEE 

J. A .  Nicholls 

UniversLty of Southern California M. Gerstein 
Department of Mechanical Engineering 
University Park 
Lo8 Angeles, California 90007 

University of Wisconsin P.  S. Myers 
Department of Mechanical Engineering 
1513 University Avenue 
Madison, Wisconsin 53705 

Walter Kidde and Company, Inc. 
Aerospace Operations 
567 Main Street 
Belleville, New Jersey 07109 

Warner-Swasey Company 
Control Instrument Division 
32-16 Dawning Street 
Flushing, New York 11354 

Rocket Research Corporation 
520 South Portland Street 
Seattle, Washington 98108 

R. J. Hanville 
Director 
Research Engineering 

R. H. Tourin 

FOy McCullough, Jr. 

Illinois Institute of Technology T. P. Torda 
3300 S .  Federal Street 
Chicago, Illinois 60616 

Cetec Corporation 
188 Whisman Road 
Mountain View, California 

Technology Incorporated 
6461 Edsall Road 
Alexandria, Virginia 22312 

ce .Divirion Library 
Mail AerOsr tation R 3 6 7 9  
Honeywell 8 Inc . 
2600 Ridgway Parkway 
~inneapolis', Minnesota 55413 

Dr. R. S. Channapragada 

Donald A. Waters 

e. R .  E .  niche1 
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